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FOREWORD 


A wide  range  of  analytical  methods  are  presently  available  to  assist 
planners  and  engineers  in  planning  of  complex  water  resource  systems. 
Their  purpose  is  to  provide  planning  information  - information  not 
otherwise  available,  or  available  only  at  greater  cost.  Making 
effective,  meaningful  use  of  the  variety  of  analytical,  quantitative 
computer-oriented  techniques  available  presents  a challenge  to  every 
planner.  It  requires  an  understanding  of  the  methods  themselves,  of 
the  information  they  can  provide,  and  of  the  cost  to  obtain  this  informa 
tion.  These,  and  other  topics  were  the  subject  of  a 3-day  seminar  on 
"Analytical  Methods  in  Planning"  held  26-28  March  1974  at  The  Hydrologic 
Engineering  Center  and  funded  by  the  Institute  for  Water  Resources, 

Corps  of  Engineers.  These  proceedings  are  the  papers  presented  at  this 
seminar.  They  describe  a variety  of  analytical  methods  - computer 
simulation,  optimization,  computer  graphics,  input-output  analysis  - 
and  their  application  to  planning  studies.  It  is  hoped  that  their 
availability  will  encourage  greater,  more  effective  use  of  these 
techniques  in  planning. 

The  papers  are,  in  general,  frank  discussions  by  the  authors  and  are 
not  official  Corps  documents.  The  views  and  conclusions  expressed 
are  those  of  the  seminar  participants,  and  are  not  intended  to  modify 
or  replace  official  guidance  or  directives  such  as  engineer  regulations, 
manuals,  circulars,  or  technical  letters  issued  by  the  Office  of  the 
Chief  of  Engineers. 
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A REVIEW  OF  MODELS  AND  METHODS 
APPLICABLE  TO  CORPS  OF  ENGINEERS 
URBAN  STUDIES  PROJECTS 


By 

Jerry  W.  Brown^ 


I . Purpose 

The  general  field  of  Urban  Studies  embraces  a very  wide  range  of 
problems.  The  types  of  agencies  and  institutions  studying  these  prob- 
lems and  the  metl.ods  they  employ  to  solve  them  are  as  numerous  as  the 
problems  themselves.  In  order  to  provide  some  direction  to  field 
offices  faced  with  problems  in  urban  planning,  the  Office  of  the  Chief 
of  Engineers  (OCE)  initiated  a study  at  the  Waterways  Experiment  Sta- 
tion (WES)  1)  to  identify  the  available  methods  and  simulation  models 
of  potential  use  in  urban  studies,  2)  to  evaluate  the  applicability 
of  these  methods  and  models,  and  3)  to  recommend  future  actions  that 
will  enable  the  Corps  of  Engineers  to  meet  their  continuing  obligations 
in  the  field  of  Urban  Studies. 

II.  Scope  of  Study 

The  focal  point  of  the  study  was  the  role  of  water  problems  in 
urban  planning.  The  areas  of  primary  interest  were  the  socio  economic 
aspects  of  planning,  land-use  analysis,  water  supply,  wastewater  manage- 
ment, urban  hydrological  processes,  and  recreation  planning.  Each  of 
these  areas  was  thoroughly  researched  in  order  to  locate  all  working 
models  of  interest  to  the  urban  planner  or  engineer.  From  the  large 
number  of  possible  models  that  were  found  and  studied,  the  most  useful 
and  most  representative  of  these  were  summarized  for  inclusion  in  this 
report.  In  addition,  the  general  level  of  research  and  the  state-of- 
the-art  in  each  area  are  also  summarized  here. 

These  general  summaries  of  the  field  of  urban  planning,  along 
with  some  recommendations  to  the  planner,  are  given  in  the  next  section. 
The  particular  models  and  methods  dealing  with  specific  topics  are 
summarized  in  special  format  in  the  Appendix. 2 Also  included  in  the 
Appendix  is  a list  of  institutions  active  in  urban  planning. 


^Operatlona  Analyst,  Mathematical  Hydraulics  Division,  Waterways 
Experiment  Station 

Appendix  Is  not  Included  In  this  paper;  the  reader  Is  referred 
to  the  final  report  for  the  Information  cited  as  In  the  Appendix. 
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111.  Sumnary  and  Recommendations 
A.  Socio  Economic  Planning 

1 . Summary 

a.  Introduction 

As  part  of  the  overall  attempt  to  identify  conputerized 
models  of  use  in  the  Urban  Studies  program,  social  and  economic  con- 
siderations were  included  in  the  search.  Under  the  heading  "economic," 
the  study  concentrated  on  macroeconomic  frameworks  for  urban  economic 
analysis,  benefit  measurement  for  water  resource  developments  and,  to 
a lesser  extent,  on  the  application  of  mathematical  programming  tech- 
niques in  the  formation  of  water  resource  economic  models.  Even 
though  the  specific  thrust  of  the  search  was  directed  in  the  above 
areas,  it  was  impossible  to  include  the  abundance  of  models  analyzed. 

The  models  selected  for  this  report  represent  the  state-of-the-art  of 
application  of  economic  models  to  water  resource  development  in  an 
urban  context.  Where  there  was  more  than  one  model  associated  with  a 
particular  methodology,  the  one  included  in  the  Appendix  was  thought 
to  be  most  representative  of  the  technique  illustrated. 

b.  Economic  Modeling 

Two  basic  macroeconomic  frameworks  were  included  in  the 
economic  section.  Input -output  modeling  was  the  most  widely  used 
technique  with  varied  applications.  Econometric  modeling  was  the 
second  technique  included.  The  application  of  econometric  models 
dealt  less  directly  with  water  resource  problems  in  urban  areas,  but 
represents  a viable  technique  for  important  economic  analysis. 

(1)  ^put -Output  Models 

The  potential  applications  of  I-O  analysis  to  water 
resource  development  planning  in  urban  areas  are  many.  The  I-O  matrix 
provides  a picture  of  the  general  structure  of  the  economy  under 
scrutiny.  In  Urban  Studies,  it  is  important  to  understand  the  inter- 
relationship of  industry,  manufacturing,  households,  resource  use, 
etc.  in  order  to  plan  effectively.  The  effects  of  investments  in  water 
resources  on  the  economy  can  be  determined  more  accurately. 

Using  projections  of  income,  payroll,  employment, 
population,  etc.,  the  I-U  matrix  is  a device  which  can  forecast  the 
requirements  for  water  by  relating  it  directly  to  the  expected  growth 
of  the  economy.  Using  linear  programming  in  conjunction  with  I-O 
analysis,  one  can  generate  a procedure  for  the  optimum  allocation  of 
water  or  other  resource  based  on  sectoral  constraints.  Trade-offs 
between  sectors  can  be  evaluated  by  sensitivity  analysis. 

Another  technique  involving  I-O  is  given  the  general 
label  economic-ecologic  analysis.  Pioneered  by  Walter  Isard,  this 
technique  attempts  to  relate  emission  of  pollutants  to  the  environ- 
ment with  economic  activity.  The  linkage  occurs  between  the  I-O  matrix 
and  an  environmental  matrix.  Dollars  of  output  per  unit  of  pollutants 
emitted  can  be  roughly  estimated. 
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Even  though  the  potential  uses  of  I-O  are  many, 
the  operational  use  of  this  technique  is  still  in  the  developmental 
stages.  Most  of  the  publications  on  I-O  analysis  are  the  results 
of  academic  research,  not  application.  The  huge  data  requirements 
involved  in  completing  an  I-O  matrix  are  one  drawback  to  its 
essential  large-scale  application.  The  recent  use  of  "modified" 
data  from  OBE  national  I-O  model  adjusted  to  fit  a regional  area 
shows  promise  as  a way  to  cut  down  the  cost  requirements  for 
gathering  basic  data.  The  San  Francisco  Bay-Delta  Region  Industrial 
Water  Quality  Study  used  this  method.  The  I-O  theory  itself  contains 
many  assumptions  of  which  a potential  user  should  be  aware.  The 
model  is  static,  i.e.,  a snapshot  of  the  economy.  The  trade  and 
technological  coefficients  used  in  the  model  are  derived  from  base 
year  calculations.  Most  I-O  models  have  base  years  that  are  at  least 
10  years  prior  to  the  time  of  analysis.  Economic  changes  during 
that  time  span  decrease  model  credibility.  I-O  models  assume  stable 
and  linear  trade  and  technological  relationships.  Economies  of  scale 
and  technological  progress  are  not  taken  into  account. 

(2)  Econometrics 

Econometric  modeling  is  an  important  area  of  interest 
to  many  people  in  the  field  of  economic  forecasting.  However,  its 
application  to  specific  economic  problems  related  to  water  resource 
development  in  urban  areas  has  been  limited.  An  econometric  model  is 
composed  of  a number  of  equations  that  are  used  to  give  forecasts  of 
inportant  economic  indicators  (output,  employment,  income,  taxes, 
etc.).  Once  the  equations  are  verified  using  historical  data,  projec- 
tions are  made  about  the  economic  future  of  a region. 

An  econometric  model  can  simulate  the  effects  of 
major  new  developments  in  a region  by  assessing  the  effects  upon  the 
economic  variables  in  the  equations.  This  characteristic  offers  an 
approach  to  investigating  economic  benefits  of  proposed  water  resource 
developments  in  urban  areas. 

As  with  I-O  analysis,  however,  econometric  modeling  has 
practical  limitations  with  respect  to  data  requirements.  Regional 
economic  data  must  be  provided  for  each  region  modeled.  For  the  Urban 
Studies  program,  the  spatial  area  must  be  delineated  and  data  gathered. 

Since  the  econometric  model  uses  standard  aggregate  economic  variables, 
the  availability  of  these  data  is  more  common  than  for  I-O  analysis. 

The  equations  are  driving  components  of  the  model. 

These  equations  are  formed  by  regression  analysis  and  analysis  of  the 
area  modeled.  The  model  is  "fit"  to  historical  data.  This  technique 
may  be  acceptable  for  short-range  forecasts,  but  does  not  have  the 
sensitivity  required  for  long-range  forecasts.  The  model  may  well 
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explain  past  behavior,  but  there  is  no  guarantee  that  it  will 
accurately  represent  future  changes.  Cogent  analysis  is  necessary 
when  applying  this  type  of  model. 

At  the  present  time,  the  amount  of  disaggregation 
of  model  output  is  not  sufficient  for  an  urban  area.  Forecasts  are 
usually  made  at  the  state  level.  None  are  available  at  the  substate 
or  urban  level.  Modifications  must  be  made  to  existing  data  bases 
before  meaningful  analysis  can  be  made  at  an  urban  level.  Thus,  the 
present  value  of  this  modeling  technique  is  to  large  regional  planning 
rather  than  a single  urban  area. 

(3)  Benefit  Evaluation 

Benefit  evaluation  is  an  important  aspect  of  an 
urban  study.  Some  of  the  conventional  procedures,  requiring  manual 
methods  in  the  past,  have  been  computerized.  Also,  new  procedures 
readily  adaptable  to  computers  have  been  developed.  All  of  the  topics 
in  this  search  touched  upon  benefit  evaluation  in  their  specific 
modeling  area.  Land  use  models  deal  to  a large  extent  with  this 
subject. 


Flood  control,  urban  water  parks,  long-term  invest- 
ment in  water  resources,  and  water  quality  changes  are  a few  of  the 
areas  in  which  economic  benefits  have  been  calculated  with  the  help 
of  the  computer.  Most  of  the  models  use  the  computer  only  as  an 
accounting  device  and  calculator.  Flood  control  benefits  are  asso- 
ciated with  "damages  prevented"  by  the  institution  of  flood  prevention 
measures.  Using  a given  probable  flood,  the  damages  with  and  without 
flood  control  measures  are  calculated.  The  difference  in  damages  is 
the  assumed  benefits  of  the  respective  projects.  The  computer  memory 
offers  a reliable  accounting  system  to  store  data  on  land  use,  surface 
elevations  and  flood  inundation  levels  and  produce  estimates  of  damage. 
The  University  of  Kentucky  flood  control  programs  take  this  analysis 
a step  further.  These  models  evaluate  alternative  flood  control 
measures,  both  structural  and  nonstructural  that  minimize  the  economic 
cost  of  flooding.  Planning  level  estimates  of  the  optimum  combination 
of  flood  control  measures  are  part  of  the  output.  Similar  use  of  the 
computer  “an  be  found  in  the  application  of  statistical  techniques  to 
give  an  estimate  of  benefits  associated  with  various  urban  water 
resource  projects. 

A recent  development  in  this  area  is  the  use  of  an 
economic  trade-off  model  for  use  by  decision-makers.  This  type  of  model 
uses  a set  of  economic  and  environmental  submodels  dealing  with  important 
factors  associated  within  a region.  Data  concerning  employment,  income, 
industrial  output,  land  use,  natural  features  and  resources,  among 
others,  are  used  as  base  input.  The  model  attempts  to  measure  prospec- 
tive changes  in  the  economy,  such  as  a water  resource  development 


10 


impact  upon  the  region.  Both  economic  and  environmental  parameters 
are  affected.  These  impacts  can  be  assessed  more  accurately  by 
decision-makers  by  examining  their  effect  on  the  economic  and 
environmental  factors  of  the  region.  The  term  "trade-off"  relates 
to  the  final  decision  which  must  be  made  based  on  (to  a large  extent) 
the  information  supplied  by  the  model.  After  refinement  of  the 
initial  model  and  improvement  in  data  bases,  information  models  of 
this  sort  would  be  a powerful  tool  for  the  urban  studies  program. 

(4)  Mathematical  Programming 

Mathematical  programming  techniques  were  found  in 
abundance  throughout  the  literature.  These  include  linear  program- 
ming, non-linear  programming,  dynamic  programming,  network  theory, 
and  geometric  programming.  The  techniques  are  used  in  the  study  of 
water  quality,  water  supply,  and  optimum  timing  and  sequencing  of 
water  resource  projects.  Most  of  the  literature,  however,  describes 
a hypothetical  situation  using  simplified  assumptions  which  ignore 
many  of  the  practical  problems  involved  in  real  project  study. 

Dracupf  ^ discusses  this  problem  and  calls  for  a move  from  theoret- 
ical research  to  analyze  sound  practical  problems.  His  book  analyzes 
the  use  of  all  system  analysis  techniques  as  applied  to  water  resources. 
It  is  a state-of-the-art  study  of  the  most  significant  research  in 
water  resource  systems  analysis. 

Many  models  that  view  water  resource  problems  such 
as  water  supply,  waste  treatment,  flood  control  projects,  etc.  have 
cost  constraints  as  an  integral  part  of  the  problem  formulation. 

These  were  not  considered  economic  models,  and  the  computerized 
applications  which  are  of  use  in  urban  studies  are  found  under  the 
specific  water  resource  area  of  concern  in  the  Appendix. 

c.  System  Dynamics  Models 

A relatively  new  technique  for  analysis  of  water 
resource  planning  is  the  system  dynamics  model.  This  technique 
examines  the  cause  and  effect  relationships  between  important 
variables  of  a system  by  means  of  feedback  linkages.  This  frame- 
work incorporates  the  dynamic  nature  of  a system  by  allowing  for 
changes  in  important  factors  (resources,  policy  decisions,  etc.). 

Once  the  feedback  structure  is  established,  simulations  can  be  run 
to  determine'  spatial  and  temporal  effects  of  various  policy  decisions 
about  resource  use. 

The  KSIM  model  is  a variation  of  the  system  dynamics 
technique.  KSIM  is  a simulation  technique  that  allows  a group  of 
participants  from  different  disciplines  to  evaluate  a wide  range 
of  interactions  among  key  variables  in  the  planning  process.  Both 
economic,  social,  environmental,  and  political  ramifications  of  a 
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proposed  plan  can  be  examined  using  the  KSIM  method.  KSIM  is  not  only 
a computer  model,  but  an  entire  process.  Participants  must  formulate 
the  problem,  identify  the  variables  for  study,  develop  the  connection 
between  variables,  and,  after  construction  of  the  cross-impacts 
table  and  subsequent  computer  simulation  run,  analyze  and  evaluate  the 
effects  of  a proposed  plan.  The  application  of  this  method  to  water 
resource  development  projects  under  the  Urban  Studies  program  is  a 
powerful  tool.  The  planning  process  is  condensed  in  the  KSIM  session 
allowing  the  participants  a greater  insight  into  potential  problem 
areas.  As  a "first  cut"  approach  to  a planning  problem,  KSIM  is  a 
methodology  with  great  potential . 

d.  Social  Models 

Much  of  w.ie  literature  of  water  resources  deals  with 
the  need  for  evaluation  of  the  social  effects  of  project  development. 
Unfortunately,  the  more  elusive  question  of  how  to  identify,  no  less 
measure,  these  effects  is  yet  to  be  answered  satisfactorily.  When 
one  writes  of  "socio  economic"  effects  in  the  literature,  the  economic 
half  dominates  the  article  with  a rather  brief  mention  of  the  need  for 
"recognition"  of  social  problems.  Little  actual  research  has  been 
devoted  to  what  impact  water  resource  development  has  on  the  social 
system  of  a region.  The  studies  that  have  been  completed  are 
explanatory  in  nature  and  examine  limited  aspects  of  the  problem 
and  focus  on  small  areas. 

One  computerized  model  presents  a method  for  evaluating 
the  social  impacts  of  alternative  urban  developments.  The  method 
involves  evaluating  the  effect  of  different  alternatives  in  terms  of 
achievement  of  social  goals.  The  STRAWMAN  model  is  the  result  of 
three  years  of  research  work  on  the  development  of  techniques  for 
estimating  the  potentials  of  water  resources  development  in  achieving 
national  and  regional  social  goals.  The  Technical  Committee  of  the 
Water  Resources  Conference  of  the  13  Western  States  developed  the 
model.  Essentially,  the  STRAWMAN  model  establishes  a hierarchy  of 
goals  all  assumed  under  the  goal,  "general  welfare." 

The  STRAWMAN  represents  an  important  step  toward  eventual 
inclusion  of  the  social  impacts  of  water  resource  development  in  the 
planning  process.  The  methodology,  however,  outstrips  both  the  data 
available  for  analysis  and  the  state-of-the-art  as  far  as  social 
indicators  are  concerned.  There  is  not  a widely  accepted  or  general 
group  of  social  indicators  currently  available  for  such  a methodology. 
Research  is  needed  in  order  to  identify  pertinent  social  indicators 
and  develop  measurement  techniques  for  practical  application.  Initial 
tests  of  STRAIVMAN  involved  basic  economic  indicators,  which  are  well 
established,  but  omitted  social  indicators.  Continued  social  research 
into  understanding  social  phenomena  will  hopefully  produce  the  under- 
standing of  the  social  system  to  allow  the  full  use  of  STRAWMAN. 
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B.  Land  Use  Models 


1,  Summary 

a.  Introduction 

The  Initial  consideration  In  urban  planning  Is  determining 
what  rer'^urces  are  currently  available  in  the  urban  area  of  interest. 

This  resource  Inventory  Is  required  for  all  aspects  of  urban  planning 
Including  wastewater  and  solid  waste  treatment  and  management,  flood 
protection,  land  use,  recreation,  etc.  Once  the  resources  have  been 
determined,  the  next  step  In  the  process  is  to  predict  how  Individual 
portions  of  the  urban  area  will  change  as  a function  of  time.  Since 
land  allocation  Is  one  of  the  most  Important  factors  In  controlling 
urban  change  and  development.  It  Is  extremely  Important  that  mathematical 
models  that  simulate  the  Impacts  of  different  uses  of  the  land  be 
provided  (or  developed)  for  use  In  the  urban  planning  process. 

In  this  part  of  the  report,  the  models  related  to  land  use 
and  land-use  analysis  are  presented.  The  specific  details  of  each 
of  these  programs  are  contained  In  the  program  data  sheets  Included 
In  the  Appendix,  Part  C,  and  therefore,  only  a general  comparison 
between  the  models  Is  given  In  the  following  paragraphs. 

The  land-use  models  that  have  been  developed  provide 
projections  and  allocations  of  the  uses  of  the  land  at  prescribed 
times  In  the  future.  In  addition  to  the  land-use  allocation  considera- 
tions, some  models  provide  consideration  for  floodplain  management 
and  control  measures  to  obtain  the  best  development  In  terms  of  economic 
benefits. 


Eighteen  computer  programs  and  concepts  related  to  land 
use  and  land-use  analysis  were  reviewed  and  evaluated  In  this  study. 

The  programs  and  concepts  consisted  of  a variety  of  linear  and  non- 
linear functions  that  performed  various  operations  and  calculations 
to  obtain  allocations  of  and  forecasting  future  uses  of  specified  parcels 
of  the  Ifuid.  A few  of  the  programs  contained  provisions  for  modeling 
different  land  uses  such  as  single-family  and  multiple-family  residential, 
high-rise  apartments  (residential),  light  and  heavy  Industry,  commerical 
centers,  transportation  arteries  (l.e.,  highways,  roads,  streets,  etc.), 
agricultural,  vacant  and  public  land.  None  of  the  land -use  models 
considered  In  this  study  provide  for  allocations  of  parcels  of  land  for 
recreational  uses.  However,  It  Is  believed  that  the  model  recently 
developed  by  Midwest  Research  Institute  (see  Part  G of  this  report) 
contains  methods  that  might  have  some  application  In  specifying  land 
(and  water)  for  recreational  opportunities  or  uses , such  as  reservoir 
access  areas  for  hiking,  campsites,  picnic  areas,  etc. 

It  Is  believed  that  one  of  the  major  dlf flclencles  of 
the  present  land-use  models  Is  the  shortage  of  formulated  techniques  for 
"deterministically"  assigning  uses  (or  multiple  uses)  for  the  urban 
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lands.  Most  of  the  models  contain  "methods"  for  projecting  historical 
trends  in  the  uses  of  the  land,  but  there  are  very  few,  if  any, 
presently  acceptable  methods  for  making  predictions  of  the  future  uses 
of  the  land  from  the  standpoint  of  environmental,  social,  and  aesthetic 
considerations . 


b.  Evaluation  of  the  Land-Use  Models 

Various  literature  sources  were  canvassed  for  models,  com- 
puter programs,  and  projections  techniques  and  methods  related  to  land 
use  and  land-use  analysis.  Examination  of  the  various  programs  and 
methods  obtained  revealed  some  basic  commonality,  despite  some  Initial 
difference  in  structure  and  appearance.  Each  of  the  simllatlon  tech- 
niques were  examined  as  to  what  was  being  addressed  by  the  model  In 
terms  of  (a)  type  of  use,  (b)  size  of  land  unit  considered,  (c)  projec- 
tions and  allocation  methods;  (d)  flood  protection  considerations, 
and  social  and  environmental  effects.  In  some  cases.  It  was  most 
difficult  to  determine  just  how  each  of  the  above  considerations  was 
being  treated  in  the  program(s),  and  as  a result  some  subjective  deter- 
minations were  made  as  to  what  was  being  considered  In  the  model. 

Table  1 In  the  Appendix,  Part  C,  shows  how  the  various 
programs  and  methods  compared  In  terms  of  what  was  being  considered  In 
the  models.  These  Items  are  briefly  discussed  In  the  following 
paragraphs . 

c.  Type  of  Land  Use 

All  of  the  land-use  models  reviewed  In  this  study  contain 
specifications  for  different  uses  of  the  land.  For  example,  the 
Intasa  model  provides  allocation  of  any  number  of  activities  (residen- 
tial, Industrial,  commercial,  etc.)  to  the  available  vacant  land; 
whereas,  some  of  the  other  models  are  more  specific  about  the  type  of 
activity  to  be  allocated.  In  the  St.  Louis  SMSA  model,  the  demand  for  the 
land  Is  divided  Into  four  main  categories  - Industrial,  residential, 
commerlcal  and  public  and  these  four  categories  are  then  ranked  for 
allocation  In  a prescribed  order  of  Importance.  Thus,  the  St.  Louis 
SMSA  model  first  allocates  the  Industrial  uses  for  the  land  and  then 
based  on  this  allocation  the  next  land-use  type  (i.e.,  residential) 
la  then  allocated  and  so  on  until  the  four  categories  have  been  satisfied. 

d.  Projection  and  Allocation  Methods 

Most  of  the  programs  reviewed  herein  contain  provisions  for 
estimating  population  and  econd.alc  activity  forecasts  for  future  times. 

For  the  most  part,  the  population  and  economic  forecasts  are  provided 
exogeneously  as  Inputs  to  the  models,  and  these  data  are  the  basis  for 
allocation  of  the  land  for  some  prescribed  use.  Most,  if  not  all,  of 
the  forecast  data  have  been  obtained  through  the  use  of  linear  regression 
models  which  project  Into  the  future  what  happened  In  the  past.  As  a 
result,  the  forecast  data  do  not  realistically  account  for  any  future 
change  in  taste  or  technology  that  may  develop. 
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The  land  allocation  methods  used  In  the  various  models  are 
based  to  a large  extent  upon  a desirability  ranking  of  the  land  units. 

For  example.  In  the  St.  Louis  SMSA  model,  population  Is  allocated  to 
presently  used  land  subject  to  a user  supplied  maximum  density.  This 
density  represents  the  maximum  level  to  which  currently  used  land  can 
be  developed.  When  this  level  Is  reached,  the  next  land-use  can  be 
developed.  When  this  level  Is  reached,  the  next  land-use  category. 

In  the  order  of  Importance  as  established  by  the  model  (or  In  some 
cases  by  control  variables) , Is  selected  for  population  allocation  and 
so  on  until  the  predicted  population  estimates  have  been  satisfied. 

Since  the  allocation  procedures  contained  In  the  various 
models  are  quite  different  In  a number  of  ways,  additional  study  Is 
warranted  to  determine  which  allocation  methodologies  would  be  most 
acceptable  for  Urban  Studies. 

e.  Floodplain  Management  Considerations 

Three  of  the  land-use  models  reviewed  herein  contain  some 
consideration  for  floodplain  management.  These  Include  the  Intasa 
model,  the  Galveston  model  and  the  University  of  Arizona  model.  All 
three  models  are  directed  towards  achieving  floodplain  management 
objectives  by  considering  the  most  economically  efficient  combination 
of  land  uses,  development  policies  and  engineering  alternatives  such 
as  the  use  of  dams,  reservoirs,  levees,  floodwalls,  channel  alterations, 
etc.,  to  provide  different  measures  of  flood  protection.  The 
models  provide  for  assesements  of  flood  damage  using  a reference  flood 
profile  as  a basis  of  analysis. 
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C.  Water  Supply 


1 . Summary 

Water  resource  management  problems  are  concerned  basically 
with  Supply-Demand  studies.  Historically,  governments  have  concentrated 
on  locating  supplies  and  performing  the  necessary  engineering  to 
distribute  the  supply  in  a potable  condition  to  the  users.  Various 
studies  concerning  these  methods  have  appeared  for  many  years.  Demand 
studies  and  methods  of  forecasting  need  have  not  received  nearly  so 
much  attention.  These  methods  are  only  recently  being  developed  and 
most  ^re  rather  crude.  With  supplies  becoming  limited,  and  with 
serious  consideration  of  reuse  being  evident,  the  planner  can  expect 
future  studies  to  be  as  concerned  with  how  much  water  is  needed  and 
how  it  will  be  used  as  they  are  presently  concerned  with  how  to  treat 
and  distribute  supplies. 

Most  programs  that  have  been  developed  to  aid  in  water 
supply  studies  have  not  been  restricted  to  urban  areas.  The  large  river 
basin  development  studies  have  the  capacity  to  consider  storage  and 
release  for  irrigation  and  diversion  as  well  as  power  generation,  low 
flow  maintenance,  and  urban  consumption.  This  would  be  a useful  feature 
for  regional  studies. 

Supplying  water  for  recreational  use  has  not  been  an 
important  problem  in  the  past,  even  though  this  use  of  water  has 
always  proven  of  great  benefit  to  urban  areas.  Water  projects  were 
justified  on  seemingly  more  important  issues  such  as  industrial  needs, 
irrigation,  flood  control,  or  urban  consumption.  With  the  present 
interest  in  multi-objective  planning,  such  areas  as  conservation, 
fishing,  hunting,  camping,  and  scenic  beauty  can  be  raised  to  their 
proper  level  of  importance. 

An  area  of  water  supply  that  is  currently  receiving  much 
consideration  is  water  reuse.  Tlie  EPA  is  presently  conducting  research 
into  the  many  possibilities  of  reuse,  the  biological  and  psychological 
problems,  and  the  economy  of  reuse.  The  state-of-the-art  in  the  area 
of  reuse  is  not  sufficiently  advanced  to  consider  it  a major  source 
for  present  water  supply  planning  purposes,  but  the  planner  should 
study  the  current  literature  so  as  not  to  overlook  any  important  changes 
in  the  status  of  water  reuse. 

A perusal  of  the  models  contained  in  the  area  of  water 
supply  in  the  Appendix  indicates  the  very  limited  attention  that 
problems  associated  with  water  supply,  i.e.,  location  and  pumping 
of  groundwater,  transport  of  surface  water,  storage,  treatment,  and 
distribution,  are  currently  receiving  from  the  builders  of  simulation 
models.  However,  these  areas  are  covered  quite  adequately  in  many 
standard  engineering  texts  which  are  readily  available. 


®.  Wastewater  Management 

1 . Summary 

a.  General 

The  management  of  wastewater  is  a primary  factor  for 
consideration  in  the  urban/regional  planning  projects  that  are  being 
conducted  by  the  Corps.  The  passage  of  PL  92-500  in  1972  established 
a sequential  series  of  goals  intended  to  improve  the  quality  of  the 
Nation's  water.  Therefore,  the  plsinner  is  constrained  to  give  serious 
consideration  to  these  goals.  Briefly  stated  they  are: 

<>  (1)  Secondary  treatment  by  1977. 

(2)  Best  practicable  treatment  by  1983. 

(3)  Zero  discharge  of  pollutants  by  1985. 

Wastewaters  eminate  from  a variety  of  sources  including 
sanitary  sewers,  some  storm  sewers,  industrial  effluents,  cattle 
feed  lots,  agricultural  runoff, meat  processing  plants,  etc.  Manage- 
ment of  these  wastewaters  may  be  handled  in  several  ways.  The 
associated  management  schemes  fall  into  one  of  three  general  categories, 
i.e.,  assimilation  of  waste  by  receiving  waters,  use  of  conventional 
collection,  treatment  and  disposal  systems, and  land  disposal  of  waste- 
water.  In  practice,  a well-designed  system  may  include  all  of  these 
systems  to  optimize  treatment  and  minimize  cost. 

b.  Assimilative  Capacity  of  Streams  and  Estuaries 

There  are  two  schools  of  thought  regarding  the  use  of 

streams  and  estuaries  to  carry  a part  of  the  wastewater  loads  asso- 
ciated with  domestic,  industrial  and  agricultural  needs  and  practices 
in  this  country.  The  economist  and  some  engineers  and  biologists  prefer 
to  plan  for  use  of  the  streams  maximum  safe  capacity  for  assimilating 
waste  loads  without  degrading  the  water  quality  below  some  established 
standard.  On  the  other  hand,  some  engineers,  biologists,  environmenta- 
lists, and  ecologists  feel  that  we  should  strive  toward  maintaining 
(or  reestablishing)  a near  pristine  environment.  Regardless  of  the 
position  one  assumes,  it  is  obvious  that  there  is  a need  to  accurately 
predict  the  effect  of  wasteloads  on  receiving  waters. 

Although  a number  of  models  are  in  existence,  there  is 
no  model  available  that  is  a complete  and  accurate  representation  of  all 
the  physical,  chemical,  and  bielogical  forces  at  work  in  either  a 
riverine  or  estuarine  environment.  There  are,  however,  a number  of 
models  that  are  good  state-of-the-art  approximations  of  these  environ- 
ments. The  models  vary  in  complexity  depending  on  the  number  and  types 
of  pollutants  to  be  modeled  and  the  hydrological  and  geometrical  com- 
plexity of  the  aquatic  program.  The  Appendix  contains  39  references 
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on  models  and  other  articles  of  recent  vintage  (1969  to  1973)  that 
pertain  to  aquatic  systems. 

Riverine . The  most  complex  of  riverine  models 
noted  in  this  review  is  capable  of  handling  transient  (non-steady- 
state)  conditions,  both  conservative  and  nonconservative  pollutants, 
electrical  conductivity,  and  temperature.  In  addition,  there  are  good 
engineering  models  of  limited  scope  that  may  be  very  useful  for  certain 
applications. 


Estuarine.  Probably  the  most  widely  used  of  the 
estuarj'i  models  is  the  DEMT  ) . It  has  been  used  in  a number  of 
estuaries  with  reasonable  success.  The  model  is  two-dimensional,  it 
can  be  used  to  predict  spatial  and  temporal  distribution  of  both 
conservative  and  nonconservative  pollutants. 

c.  Design  of  Collection,  Treatment,  and  Disposal  Systems 
A total  of  21  models  were  evaluated  that  pertain 

specifically  to  collection,  treatment,  and  disposal  of  wastewater. 
These  are  referenced  in  the  Appendix,  Part  E.  Within  this  set, 
there  are  several  categories  of  models.  There  are  two  general  plan- 
ning models,  the  WESCAT  model (1)  and  the  Regional  Wastewater  Treat- 
ment System  model (2).  Two  of  the  models  (3  5 6)  address  the 
problem  of  overall  treatment  plant  design  and  13  of  these  (4,  5,  7, 

10  through  18)  are  simple  models  for  the  design  of  a single  treatment 
process.  Two  models  deal  with  sewer  designs  and  stormwater  control 
alternatives  (19,  20)  and  three  models'  sole  purpose  is  cost  estimat- 
ing and  optimization  and  (8,  9,  21). 

d.  Planning  Models 

The  WESCAT  model  (1)  is  very  comprehensive  in  that  it 
considers  options  for  placement  of  waste  treatment  facilities,  charac- 
teristics of  collections  systems,  and  allows  an  assessment  of  the 
effects  that  various  types  of  municipal  and  industrial  growth  might 
have  on  receiving  streams.  The  model  given  in  reference  (2)  is  • 
designed  to  permit  a rapid  assessment  of  economies  of  establishing  a 
regional  treatment  system  as  opposed  to  constructing  two  or  more  (up 
to  20)  smaller  systems.  The  cost  model  currently  being  used  by  the 
San  Francisco  District  (21)  may  also  be  considered  as  a third  large- 
scale  planning  tool. 


References  3 and  6 in  the  Appendix,  Part  E,  contain 
models  that  can  be  used  for  system  design,  evaluation  and  optimization. 
Design  in  this  case  pertains  only  to  selection  of  the  proper  grouping 
of  selected  unit  processes,  general  sizing  of  facHities  required  an 
estimation  of  effluent  quality  and  sludge  production.  These  models 
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contain  cost  equations  as  well  as  design  equations  and  provide  for 
cost  and  design  optimization  in  a single  model. 


The  EPA  has  formulated  a series  of  models  dealing 
with  specific  processes.  These  models  are  useful  for  planning  parti- 
cularly in  those  instances  where  planning  involves  expanding  and 
upgrading  of  existing  facilities  in  compliance  with  PL  92-500  where 
only  a limited  nximber  of  processes  need  be  considered. 

The  stormwater  control  model  (19)  can  be  used  to 
design  urban  stormwater  systems  and  to  estimate  flows.  The  latter  is 
of  particular  importance  when  the  urban  runoff  is  sufficiently  polluted 
to  require  treatment.  Muritt's  sewer  design  model  (20)  can  be  used 
for  general  planning  and  specific  designs. 

e.  Land  Treatment 

In  1971,  the  U.  S.  Army  Engineers  in  cooperation  with 
the  EPA  began  an  investigation  of  comprehensive  wastewater  management 
on  a regional  basis.  In  1972,  the  U.  S.  Corps  of  Engineers  initiated 
a very  limited  research  program  at  two  of  its  laboratories  (CRREL  and 
WES)  and  at  the  same  time  the  Corps  made  funds  available  for  the 
monitoring  of  several  prototype  systems.  The  monitoring  and  research 
efforts  conducted  to  date  have  not  produced  sufficient  data  to  warrant 
the  formulation  of  a comprehensive  mathematical  model.  However,  CRREL 
and  WES  are  in  the  process  of  formulating  models  of  certain  elements 
of  the  process. 

In  1973,  EPA  published  a survey  of  facilities  now 
practicing  land  application  of  wastewater  in  the  U.  S.Ci)  It  was 
found  that  this  type  of  treatment  had  been  practiced  successfully 
throughout  the  U.  S.  The  facilities  included  in  this  survey  range 
from  small  systems  with  intermittent  flows  to  continuous  operation 
systems  handling  as  much  as  570  MGD.  It  was  pointed  out  that  in  present 
practices  most  people  are  not  "stressing"  the  system.  While  land 
treatment,  in  many  instances,  is  an  attractive  alternative  and  has  the 
advantage  that  renovation  and  recycling  are  a natural  part  of  the  treat- 
ment system,  it  is  by  no  means  a panacea.  The  solution  of  land  disposal 
as  a treatment  alternative  is  dependent  on  a series  of  social,  economic, 
and  technical  factors  such  as  those  given  in  the  Appendix,  Part  E. 


f . Cost  Models 

Although  a number  of  the  models  in  this  group  contain 
some  cost  data,  only  three  are  actually  labeled  as  cost  models  (8,  9,  21) 
These  are:  the  Wastewater  Treatment  Plant  Cost  Estimating  System,  the 
Economic  Evaluation  of  Water  Supply  and  Wastewater  Disposal  including 
the  Cost  of  Seawater  Distillation  and  Wastewater  Renovation  and  the 
Cost  Optimization  Model  developed  by  the  Bechtel  Corporation  in  1970 
(21)  and  modified  by  personnel  of  the  San  Francisco  Engineer  District 
in  1972. 
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E.  Hydrological  Processes 


1 . Summary 

a.  Introduction 

The  literature  review  conducted  as  a major  effort  in 
this  study  revealed  much  insight  into  the  state-of-the-art  of  hydro- 
logical  modeling.  An  overwhelming  amount  of  work  has  been  conducted 
in  sophisticated  hydrological  modeling  since  the  advent  of  the  electronic 
computer.  As  a result,  all  models  of  possible  application  in  Urban 
Studies  could  not  be  studied;  however,  the  models  selected  are  con- 
sidered to  represent  a cross-section  of  the  best  available  at  present. 
Some  models  were  eliminated  from  consideration  by  the  simple  fact  that 
literature  could  not  be  obtained  in  time  for  review.  Others  not 
included  did  not  appear  to  be  applicable  to  the  solution  of  urban 
problems . 


A brief  summary  of  urban  hydrological  processes  is 
given  below  to  introduce  the  reader  to  the  mathematical  models 
currently  used  to  simulate  these  processes. 

b.  Urban  Hydrology 

Urban  hydrology  is  rapidly  changing  from  the  "Rational 
Formula"  era  to  the  use  of  relatively  complex  simulation  models  for 
predicting  the  effect  of  land-use  changes  on  the  overall  hydrologic 
behavior  of  the  area  of  interest.  Use  of  such  models  is  no  longer 
restricted  to  the  engineer  who  must  design  storm  sewers  and  other 
drainage  works,  but  is  increasingly  being  adopted  by  urban  planners 
who  are  charged  with  regulating  the  growth  of  an  urban  area. 

(1)  Basic  Hydrological  Processes 

There  are  three  interrelated  but  separable  effects 
of  land-use  changes  on  the  hydrology  of  any  area: 

(a)  Changes  in  peak  flow  characteristics. 

(b)  Changes  in  total  nmoff. 

(c)  Changes  in  quality  of  the  water. 

The  primary  transfers  of  water  associated  with  a large  sector  of 
land  occur  through  the  processes  of: 

(a)  Rainfall 

(b)  Infiltration 

(c)  Surface  runoff 

(d)  Groundwater  flow 
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These  processes  have  been  studied  extensively  and  models  incorporat- 
ing these  features  (such  as  unit  hydrograph  techniques)  are  in 
widespread  use  for  flood  forecast  and  river  development  studies. 

In  a sense,  the  urban  hydrologic  system  is  much 
more  complex  than  its  rural  counterpart.  The  hydrologist's  answer 
to  this  problem  of  increased  complexity  has  largely  been  to  ignore 
it  and  to  use  models  of  great  simplicity,  e.g.,  the  Rational  Formula 
and  its  derivatives,  to  simulate  urban  basins.  Are  urban  basins  too 
complex  to  model  accurately?  No,  a number  of  very  good  models  for 
predicting  the  quantity  of  flow  at  various  points  in  an  urban  area 
have  been  developed  in  recent  years.  A few  models  also  estimate  the 
effects  on  water  quality  or  urban  stormwater  runoff,  but  generally  to 
a lesser  degree  of  accuracy  than  water  quantity.  A prerequisite  for 
using  the  elaborate  modem  models,  however,  is  the  availability  of 
good  field  data  for  calibrating  a given  model  to  local  watershed 
conditions . 


(2)  Stormwater  Runoff  from  Urban  Areas 

Perhaps  the  most  notable  change  due  to  urbani- 
zation is  the  change  in  the  runoff  characteristics  of  the  basin. 
Urbanization  tends  to  increase  both  the  flood  volume  and  the  flood 
peak.  The  volume  of  runoff  is  governed  primarily  by  infiltration 
characteristics  and  is  related  to  land  slope  and  soil  type,  as  well 
as  the  type  of  vegetative  cover.  It  is  thus  directly  related  to 
the  percentabe  of  the  basin  made  impervious.  This  increase  in  run- 
off has  the  secondary  effect  of  reducing  groundwater  recharge  and 
thus  decreasing  low  flows.  With  increased  urbanization,  the  peak 
runoff  rate  will,  in  general,  increase  much  more  than  the  volume  of 
runoff.  This  change  is  related  to  the  increase  in  the  rate  at 
which  water  is  transferred  across  the  land  to  streams,  and  the 
resultant  decrease  in  the  concentration  time  of  the  basin.  This 
change  is  related  not  only  to  the  fact  that  water  runs  off  faster 
from  streets  and  roofs  than  from  naturally  vegetated  areas,  but  that 
the  construction  of  artificial  channels,  especially  storm  sewers  and 
the  increase  in  the  hydraulic  efficiency  of  existing  ones,  as  they 
are  lined  or  otherwise  improved,  also  decreases  log  time.  This 
reduction  in  the  log  (or  concentration)  time  of  the  basin  has  an 
extremely  important  effect,  which  has  been  sometimes  overlooked. 

(3)  Effects  of  Urbanization  on  Water  Quality 

One  of  the  greatest  public  concerns  will  con- 
tinue to  be  the  quality  of  water.  Changes  in  water  quality  due  to 
urbanization  are  almost  uniformly  negative.  There  are  two  principal 
effects  of  urbanization  on  water  quality.  First,  the  influx  of  waste 
materials  (such  as  raw  sewage,  treated  effluent,  oil  and  gasoline 
products)  tends  to  increase  the  dissolved  solids  content  and  decrease 
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the  dissolved  oxygen  content.  The  addition  of  nutrients  tends  to 
promote  algae  and  plankton  growths  in  streams  and  lakes,  turbidity 
usually  increases,  and  game  fish  disappear.  Second,  as  flood  peaks 
increase  less  water  is  available  for  groundwater  recharge,  with 
resulting  lower  flows  (and  usually  the  development  of  stagnant  pools) 
during  non-storm  periods.  One  of  the  more  important  water  quality 
problems  is  the  very  rapid  increase  in  the  sediment  load  in  streams 
due  to  the  exposure  of  bare  soil  to  storm  runoff  during  construction. 
Increases  in  sediment  yield  in  the  order  of  100  to  250  times  that  of 
rural  areas  are  common. 

(4)  Urban  Hydrological  Data 

Complete  and  detailed  hydrological  data  would, 
of  course,  be  the  ideal  background  information  for  urban  drainage 
design.  Continuous  streamflow  records  collected  over  a long  period 
at  key  points  in  the  drainage  system  are  needed.  Where  important, 
comparable  records  of  water  quality  are  also  needed.  Although  these 
data  are  far  from  complete,  useful  information  is  available  in  the 
form  of  streamflow  records  from  the  U.  S.  Geological  Survey  and  in 
the  form  of  precipitation  and  other  meteorological  records  from  the 
National  Weather  Service.  Most  of  the  data  from  these  records  are 
available  in  the  STORE!  system. 


c.  Hydrological  Modeling  of  Urban  Areas 
(1)  General  Requirements 

Because  all  of  our  metropolitan  areas  are 
constantly  undergoing  dynamic  change,  a problem  exists  in  predicting 
changes  in  the  hydrologic  behavior  of  areas  where  little  or  no  field 
data  have  been  collected.  The  data  that  do  exist  may  be  invalid 
since  they  were  collected  under  continually  changing  field  conditions. 
In  addition,  a variety  of  catchment  sizes  are  associated  with  most 
urban  areas,  ranging  from  the  small  area  tributary,  to  a street  inlet, 
to  those  of  sewered  and  local  stream  catchments,  and  to  the  basins  of 
large  rivers  that  pass  through  urban  centers.  A wide  range  of 
prediction  requirements,  therefore,  exist  for  both  the  quantity 
and  the  quality  of  runoff. 

The  physical  phenomena  involved  in  urban  systems 
are  so  complex  mat  an  analytic  solution  for  any  given  problem  is, 
in  general,  not  feasible.  The  approach  generally  adopted  has,  there- 
fore, been  to  simulate  the  system  to  the  required  degree  of  complexity, 
according  to  the  user's  desires.  Understandably,  there  can  be  substan- 
tial differences  between  model  requirements  for  planning,  design  and 
operation. 


As  discussed  by  McPherson  and  Schneider,  1972, 
the  procedure  used  in  nearly  all  current  storm  sewer  design  is  the 
"rational  method,"  the  numerous  inadequacies  of  which  are  commonly 
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known.  This  method  yields  only  an  estimate  of  peak  flow.  A hydro- 
graph  is  needed  for  the  design  of  detention  storage,  for  evaluation 
of  pollution  abatement  facilities,  for  designing  local  flood  protection 
works  along  streams,  and  as  input  for  design  of  river  development 
works.  Also,  quantification  of  the  effects  of  urfc^anization  on  the 
hydrologic  regimen  is  dependent  in  many  cases  on  the  availability 
of  sewer  outlet  hydrographs. 

Model  requirements  for  planning  require  less 
detail  than  for  design  because  the  investigation  of  a range  of 
broad  alternatives  is  at  issue.  Data  required  for  use  in  planning 
tools  are  general  parameters  or  indicators  for  large-scale  evalua- 
tion of  various  alternative  schemes.  Hence,  the  degree  of  model 
detail  required  in  metropolitan  planning  is  much  less  than  for 
design.  However,  a certain  amount  of  intensive  detailed  modeling 
is  needed  to  establish  parameters  and  indicators  and  to  provide 
an  understanding  of  governing  hydrologic  processes,  so  that  simpli- 
fied expedients  are  not  misused. 

(2)  Methodology  for  Modeling  Storm  Runoff 

Quantitative  estimates  of  flows  in  a water- 
shed can  be  made  by  one  of  four  basic  techniques: 

Empirical  formulae.  The  oldest  and 
most  common  method  is  the  rational  formula,  which  was  mentioned 
earlier  in  this  section  and  will  again  be  discussed  in  the  "Con- 
clusions and  Reconmendations." 

Statistical  correlation  with  water- 
shed characteristics  (regression  models).  Regression  models 
seek  to  relate  a causal  factor  such  as  precipitation  and/or  water- 
shed characteristics  with  an  effect  such  as  peak  flow,  storm 
runoff  volume,  or  annual  runoff,  by  statistical  correlation. 

These  models  are  an  extension  of  empirical  formulae  based  on  more 
data  and  more  sophisticated  methods  of  analysis.  The  application 
of  regression  models  to  urban  problems  are  few,  mainly  because  of 
the  lack  of  adequate  data  on  urban  streamflow  for  regression  analysis. 

Frequency  analysis  of  strcamflow.  If 
adequate  streamflow  records  exist  at  a station,  a means  sometimes 
used  to  determine  the  probability  of  peak  flows  for  drainage  design 
is  the  statistical  analysis  of, observed  peak  flons.  Again  the  paucity 
of  data  on  urban  runoff  creates  an  obstacle.  Even  if  observed  flows 
are  available,  their  utility  for  urban  drainage  design  might  well 
be  low  because  progressive  urbanization  could  have  led  to  shifts  in 
hydrologic  characteristics  of  the  watershed. 

Hydrologic  Synthesis.  Sometimes  a hydro- 
graph must  be  constructed  from  estimates  of^  rainfall-runoff  relation- 
ships. 
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(3)  Urban  Water  Quality  Models 

Of  the  many  hydrological  models  reviewed,  only 
three  attempt  simulation  of  urban  runoff  quality:  The  EPA  model, 
the  Hydrocomp  Simulation  Program  (HSP) , and  the  Urban  Stormwater 
Runoff  model  (STORM)  available  from  the  Hydrological  Engineering 
Center  (HEC) . The  MITCAT  is  currently  being  expanded  to  include  a 
water  quality  prediction  capability. 

The  algorithms  in  the  STORM  model,  for  example, 
are  quite  simple,  relating  BOD,  suspended  solids,  and  several  other 
quality  indicators  to  flow  volume  and  days  since  the  last  runoff 
event.(,  This  may,  for  the  present,  be  about  all  that  can  be  done 
with  respect  to  quality  of  urban  storm  runoff  in  the  absence  of  some 
continuous  observations  of  urban  runoff  quality  in  many  cities. 

Good  data,  therefore,  a^re  a first  prerequisite  and  a carefully 
devised  accounting  model  is  a second  need. 
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F.  Recreation  Models 


1,  \ Summary 

a.  Introduction 

Water  and  land  have  both  experienced  heavy  use  of  their 
recreational  resources.  Justification  for  land  and  water  resources  for 
recreation  Is  dependent  upon  acceptable  methods  for  estimating  probable 
use  (attendance)  and  the  social  value  of  that  use.  The  role  for  recrea- 
tion as  a user  of  both  land  and  water  or  as  one  use  In  a multiple- 
purpose  program  Is  not  easy  to  determine.  However,  like  most  other 
resource  uses,  recreation  has  to  be  measured  by  those  characteristics 
that  permit  comparison  with  other  resource  uses  such  as  residential 
housing.  Industry  and  others. 

Considerable  effort  has  been  devoted  to  Improving  the 
methodology  for  determining  the  value  of  water  and  land  recreation 
resources.  Various  statistical  models  have  been  devised  for  evaluating 
some  of  the  recreation  resources,  and  some  techniques  have  been  put 
forth  for  determining  the  willingness  of  people  to  pay.  In  terms  of 
national  Income  benefits  through  use  of  money  and  time  costs  of  travel, 
for  the  recreation  resource.  However,  the  approaches  that  have  been 
developed  do  not  provide  an  adequate  basis  for  projecting  future  use 
(attendance)  of  the  resource,  and  most  of  these  techniques  have  not  been 
computerized  and,  therefore,  require  substantial  Investment  for  their 
use. 

In  this  study,  a search  was  made  to  locate  computer 
models  (and  concepts)  related  to  recreation  and  recreation  demand 
that  might  have  some  application  In  Urban  Studies.  The  recreation 
models  are  discussed  In  the  following  paragraphs. 

b.  General  Descriptions  of  Recreation  Models 

At  the  time  of  this  report,  very  few  computer  models 
and  programs  related  to  recreation  and  recreation  demands  have  been 
developed.  For  this  reason,  only  three  computer  models  were  reviewed 
and  determined  to  be  of  some  benefit  for  Urban  Studies.  The  three 
recreation  models  Include: 

(1)  The  COMPATRAX  Recreation/Demand  Allocation  model 

(2)  Nationwide  Benefit-Cost  Analysis  of  Outdoor 
Recreation 

(3)  The  Honey  Hill  Study;  or  Systems  Analysis  for 
Planning  the  Multiple  Use  of  Controlled  Water  Areas 

In  addition  to  the  computer  models  listed  above,  some  of  the  noncomputer- 
ized concepts  and  methods  of  determining  the  demand  for  and  value  of 
outdoor  recreation  that  have  been  developed  by  Clawson ( ) and  others  were 
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determined  to  be  of  some  benefit  In  recreational  modeling  for  urban 
studies.  Since  these  methods  were  not  reviewed  In  detail  In  this  study, 
additional  study  of  these  methods  Is  recommended  for  determining  their 
usefulness  In  recreational  modeling. 

To  provide  a general  understanding  of  the  models 
related  to  recreation  and  recreation  demands,  two  of  the  three  models 
are  briefly  described  In  the  following  paragraphs. 

The  COMPATRAX  model  Is  basically  a computer-based  model 
designed  to  provide  estimates  of  present  and  future  (or  projected) 
usage  at  Individual  recreation  destination  complexes.  The  model's 
underlying  rational  Is  as  follows : 

(1)  Recreational  demands  are  functions  of 
numbers  and  characteristics  of  population 
groups  and  are  expressed  by  the  desires 
of  the  Individuals. 

(2)  The  recreational  demands  are  satisfied  at 
the  prescribed  recreational  destinations, 
tdilch  have  various  resource  characteristics 
such  as  boating,  camping,  driving  for  pleasure, 
fishing,  hiking,  hunting,  nature  walking, 
sailing,  sightseeing,  snow  skiing,  swimming, 
and  water  skiing,  etc. 

(3)  The  portion  of  the  recreational  complex  Is 
derived  from  each  market  concentrations  and 
depends  on  the  complex's  recreational  resources, 
compared  with  destinations  complexes  that 
compete  %rlth  It. 

(4)  The  total  recreational  usage  at  any  Individual 
destination  complex  Is  specified  as  the  usage 
generated  by  all  of  the  Individual  market 
concentrations  that  provide  a significant 
recreational  demand.  The  total  demand  Is 
determined  by  each  market  concentration  and 

la  based  on  the  distance  and  the  competitive 
efforts  of  all  other  accessible  recreational 
destination  areas. 

The  COMPATRAX  model  Is  quite  flexible  In  that  It  has  the  advantage  of 
being  able  to  accommodate  a large  number  of  sources  (l.e.,  origin  areas) 
and  destination  areas.  The  specific  details  of  the  computer  program  Is 
given  In  the  program  data  sheets  In  the  Appendix,  Part  G,  of  this  report. 


The  Nationwide  Benefit-Cost  Analysis  model  provides 
estimates  of  benefits  and  costs  of  providing  outdoor  recreation  facili- 
ties for  different  geographical  areas.  The  program's  underlying 
rational  Is  given  below. 

(1)  The  program  projects  the  quantity  of  various 
recreational  activities  based  on  estimated 
demand  functions  and  projected  socioeconomic 
characteristics  of  the  population. 

(2)  The  projected  demands  are  distributed  over 
existing  supplies  of  recreational  facilities 
as  to  minimize  the  number  of  additional 
facilities  that  would  be  required. 

(3)  The  benefits  and  cost  associated  with  adding 
recreational  facilities  of  various  types  to 
the  various  geographical  areas  are  then 
determined . 

The  details  of  the  Nationwide  Benefit-Cost  Analysis  model  Is  also  given 
In  the  Appendix. 
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IMPLEMENTATION  OF  THE  CORPS' 
INLAND  NAVIGATION  SYSTEMS  ANALYSIS  PROGRAM 

By 

DuWayne  A.  Koch^ 


In  1787,  two  years  before  the  adoption  of  the  U.S.  Constitution,  an 
act  was  passed  by  the  colonies  which  declared  the  navigable  waterways 
between  the  St.  Lawrence  and  the  Mississippi  Rivers  to  be  conunon  highways 
and  forever  free.  In  this  way  Interstate  commerce  was  encouraged  through 
the  free  use  of  this  nation's  navigable  rivers,  harbors  and  channels. 
Through  a series  of  Acts  In  1824,  Congress  extended  this  general  principle 
and  began  the  federal  waterways  Improvement  program  which  was  assigned  to 
the  Army  Corps  of  Engineers. 

This  responsibility  was  accepted  seriously  and  carried  out  admirably 
by  the  Corps,  having  developed  and  maintained  over  25,000  miles  of  navig- 
able channels  since  that  time.  There  are  now  15,000  miles  of  channels  9 
feet  or  more  In  depth. 

Including  domestic  deepsea.  Great  Lakes  and  Inland  Waterway,  nearly 
950  million  tons  of  commerce  was  handled  In  1970  alone.  Since  1940,  the 
Inland  Waterways  have  passed  (In  terms  of  ton-miles)  nearly  16Z  of  total 
domestic  Intercity  freight  moved  In  this  country.  And  as  the  economy 
grows,  so  does  the  demand  for  reliable  low  cost  barge  transportation. 

d 

As  this  nation  enters  a trillion  dollar  economy,  the  demand  upon 
various  modes  of  transportation  Is  being  strained.  In  the  absence  of 
expanded  and  more  efficient  facilities,  the  cost  of  all  modes  must  rise; 
and  In  the  longrun,  the  ability  to  consider  one  form  of  transportation  as 
an  alternative  to  another  may  be  less  relevant  than  the  ability  to  trans- 
port at  all.  The  less  efficient  these  Improved  facilities,  and  the  less 
efficiently  they  are  utilized,  the  sooner  this  practical  capacity  will 
occur.  Highway,  truck  and  rail  terminals,  as  well  as  airports,  are  becom- 
ing ever  Increasingly  congested  adding  to  both  fixed  and  variable  cost. 
Where  suitable  land,  capital  and  facilities  are  limited  resources  common 
to  all  modes,  the  waterway  Itself  Is,  for  the  first  time,  acting  as  a 
constraint  upon  the  future  of  barge  transportation.  The  options  open  to 
the  waterway  planners  Is  clear:  maximize  the  efficiency  of  the  navigation 
system  or  accept  higher,  possibly  prohibitive,  costs  to  shippers. 

There  are  many  factors  governing  a shippers  choice  of  a transportation 
mode,  including  length  of  haul,  the  bulk  nature  of  the  commodity  shipped, 
the  annual  volume  of  commerce  to  be  transported  from  a given  origin  to  a 
given  destination,  and  the  value  of  the  coauodlty  being  shipped.  Generally 


^Project  Director  of  the  Inland  Navigation  Systems  Analysis  Program;  Acting 
Chief  of  the  Systems  Analysis  and  Applications  Branch,  Planning  Division, 
OCE. 
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speaking,  low  value  bulk  commodities  to  be  moved  long  distances  are  typi- 
cally those  moved  by  barge. 

The  Inland  waterborne  commerce  market  Is  serviced  by  approximately 
1,800  firms.  In  1970,  the  Industry  consisted  of  nearly  2,300  vessels  and 
about  15,200  barges.  Length  of  haul  has  Increased  20  fold  over  the  past 
40  years  while  the  maximum  tow  size  has  Increased  for  5,000  to  50,000  tons 
per  tow.  On  any  waterway,  navigation  dams  Inevitably  constitute  restric- 
tions to  traffic  movement  because  of  the  time  required  to  transit  the  lock 
from  one  water  level  to  another.  This  Inevitably  causes  substantial  delays 
to  commercial  navigation  as  traffic  Increases  beyond  a lock's  designed 
capacity.  Until  recent  years  It  was  not  considered  necessary  to  study  the 
complex  aspects  of  the  entire  navigation  system  when  a lock  and  dam  or 
other  Improvement  was  deemed  necessary.  Essentially,  If  a problem  of 
capacity  was  observed  at  a given  lock,  an  estimate  was  made  for  projected 
traffic  which  could  be  expected  to  navigate  through  the  facility  for  fifty 
years  and  If  It  could  by  economically  Justified,  the  facility  was  con- 
structed. The  rest  of  the  waterway  was  recognized  to  Influence  this 
traffic.  Improvements  wotild  be  made  as  needed.  Consequently  improvements 
were  made  with  no  clear  understanding  of  the  effects  of  those  Improvements 
on  navigation  In  the  system  as  a whole.  An  Improved  method  of  determining 
and  evaluating  developmental  needs  has  long  been  recognized  as  a requirement 
for  the  navigation  planning  process. 

On  1 May  1970,  the  Special  Assistant  to  the  Secretary  of  the  Army  (Civil 
Functions)  requested  the  Corps  of  Engineers  to:  (1)  develop  the  logic  of 
the  waterway  system  and  Its  subsystem  (2)  recommend  alternative  methods 
for  systems  analysis  (3)  Identify  data  needs  (4)  develop  Interim  procedures 
to  Include  this  type  of  analysis  for  current  projects  and  (5)  recommend 
organizational  changes  Including  necessary  funds  to  make  systems  analysis 
of  the  waterways.  An  Office,  Chief  of  Engineers  (OCE)  Task  Group  was  formed 
who  In  their  report  conclude  that:  (1)  a systems  analysis  of  Inland  water- 
ways was  desired  and  required,  (2)  various  methods  and  models  Including 
simulation  can  be  developed  as  tools . (3)  uniform  and  comprehensive  data 
are  required  and  (4)  systems  analysis  Is  vital  to  our  planning  efforts. 

Upon  receipt  of  the  report  the  Special  Assistant  to  the  Secretary  of  the 
Army  requested  the  Chief  of  Engineers  to  proceed  with  these  recommendations. 
As  a follow-on  to  the  foregoing  effort  the  Director  of  Civil  Works,  with 
the  concurrence  of  the  Chief  of  Engineers,  tasked  the  Planning  Division  of 
the  Civil  Works  Directorate  to  coordinate  efforts  to  Implement  a formal 
system.  A 10  man  Inland  Navigation  Systems  Analysis  (INSA)  Coordination 
Group  with  a Project  Director  was  established  on  18  April  1973  to  accomplish 
this  assignment. 

The  problem  which  the  Corps  INSA  program  addresses  Is  essentially  two- 
fold: (1)  there  Is  a need  to  maximize  the  operating  efficiency  of  the 
navigation  system  as  It  presently  exists,  and  (2)  all  reasonable  means 
must  be  utilized  to  optimize  the  design  and  scheduling  of  Improvements  to 
meet  future  demands  within  current  and  projected  budgetary  constraints. 
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Analysis  of  the  inland  waterway  on  a systems  basis  requires  determin- 
ing the  performance  of  the  waterway  as  a whole  and  the  Interaction  and 
interrelationships  of  its  component  parts  under  various  assumptions  about 
the  economic  and  technical  environment  within  which  it  will  be  operating. 

In  short,  this  means  predicting  demand  for  inland  waterway  transportation, 
producing  descriptive  data  on  the  towing  industry,  and  applying  this 
Information  to  a model  representing  the  inland  waterway  system.  A graphic 
representation  of  these  components  is  presented  in  Figure  1.  Models  can 
be  developed  to  represent  or  simulate  a system,  typifying  its  component 
parts  and  their  interrelationships. 

Two  general  types  of  models  exist ; physical  models  and  mathematical 
models.  Physical  models  represent  a system  by  physically  duplicating  the 
system  on  a smaller  scale  so  that  its  performance  can  be  studied  under 
various  conditions,  assumptions,  and  changes  to  the  system  itself.  Mathe- 
matical models  represent  a system  by  describing  the  performance  or  opera- 
tion of  its  component  parts  by  mathematical  formulas  or  time  elements. 

If  such  a model  is  being  run  on  a computer,  the  computer  causes  these 
operations  to  be  "performed"  in  the  proper  sequence  in  time,  simultaneously 
keeping  track  of  these  numerous  events , Interrelationships  and  in  terms 
of  elapsed  time.  Mathematical  modeling  was  the  approach  selected  for 
Inland  Navigation  systems  analysis  since  generally,  mathematical  models 
are  more  flexible,  require  less  time,  physical  space  and  expense  to  develop 
and  operate,  and  are  able  to  compress  time  more  efficiently  than  physical 
models.  One  can  appreciate  the  space,  time,  and  expense  vequ^ired  for  a 
physical  model  of  the  entire  U.S.  Inland  waterway.  Physical  models  may, 
however,  also  be  used  in  this  study  to  generate  parameters  for  or  to 
validate  selective  components  of  the  mathematical  models. 

The  development  of  large  core  3rd  and  4th  generation  computers  has 
made  possible  the  representation  and  simulation  of  large  complex  systems 
by  means  of  such  mathematical  models.  Thus  it  is  possible  to  simulate 
the  operation  of  the  entire  inland  waterway  system  on  a computer  by  repre- 
senting its  component  functions  such  as  tow  reconfiguration,  approaches 
to  locks,  filling  and  emptying  of  locks,  exiting,  and  lock  to  lock  transit, 
in  terms  of  time  elements  and  their  interdependencies.  To  build  such  a 
model  and  have  it  accurately  represent  the  waterway  system  to  be  studied, 
accurate  knowledge  of  the  system  is  needed,  including  its  physical  descrip- 
tion, component  costs,  method  of  operation,  and  time  components. 

The  3 year,  one  million  dollar  INSA  program  is  principally  an  Office, 
Chief  of  Engineers  directed  in-house  effort.  The  study  is  under  the  general 
guidance  of  a project  director  with  the  actual  execution  of  the  work 
components  managed  by  the  Inland  Navigation  System  Analysis  Coordination 
Group.  This  Group  consists  of  representatives  of  the  Corps  Waterborne 
Commerce  Statistical  Center  (WCSC) , Waterways  Experiment  Station  (WES) , 

Board  of  Engineers  for  Rivers  and  Harbors  (BERH) , and  personnel  from  the 
Planning,  Operations  and  Engineering  Divisions  of  the  Civil  Works  Direc- 
torate, OCE.  In  addition,  a field  liaison  coordination  group  was  formed 
of  Corps  District  and  Division  experts  to  participate  in  the  INSA  program. 
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Contractors  will  be  used  for  those  aspects  of  the  study  where  the  Corps 
of  Engineers  does  not  have  sufficient  expertise  or  where  in-house  resources 
are  limited. 

The  INSA  program  will  permit  the  long  range  planning  process  to  be 
pursued  more  expeditiously  and  with  a greater  degree  of  confidence  than 
has  been  possible  heretofore.  With  projections  of  future  tonnages  to  be 
moved  on  the  waterway  system,  changes  and  additions  to  the  systems  at  any 
point  in  time  can  be  studied  and  suitable  long  range  plans  for  system 
improvements  developed.  Prosecution  of  planning  procedures  utilizing 
simulation  models  and  other  studies  of  the  entire  waterway  system  as 
discussed  above  will  exert  a significant  impact  on  waterway  planning  and 
design.  This  will  be  felt  in  the  timing  and  location  of  Improvements  to 
the  system;  of  additions  to  the  system,  and  of  the  operation  of  the  systems. 

Systems  analysis  should  not  only  be  used  in  the  design  and  evaluation 
of  a recommended  navigation  Improvement  but  also  in  its  schedule  for  con- 
struction. These  system  interrelationships  must  also  be  made  known  to 
Congress  when  it  is  time  for  authorization  of  construction  funds.  Current 
system  information  should  "follow"  the  project  from  the  survey  stage, 
through  authorization  and  construction.  Improper  sequencing  of  construc- 
tion can  seriously  jeopardize  the  efficiency  of  a system  improvement, 
thereby  significantly  reducing  the  return  on  the  capital  expended  on  its 
construction.  The  reluctance  to  fund  the  Locks  and  Dam  26  project  at 
St.  Louis,  for  example,  will  seriously  jeopardize  the  efficiency  of  the 
new  Kaskaskla  Navigation  Canal  below  St.  Louis.  Appi.c' Imately  3.8  million 
tons  of  co£il  was  projected  to  move  from  southern  Illinois  coal  fields  on 
the  Kaskaskla  to  Upper  Mississippi  River  utility  plants  in  1976.  By  1980 
this  is  expected  to  Increase  to  an  annual  level  of  approximately  6 million 
tons.  But  construction  of  Locks  26,  through  which  this  commerce  must  pass 
has  hardly  begun!  Indeed,  the  present  structure  is  already  staggering 
under  the  demand  for  its  use  in  excess  of  its  45  million  ton  capacity. 

For  this  "new"  Kaskaskla  tonnage  to  reach  its  destination  by  water  it 
must  leave  the  waterway.  Even  if  this  commerce  does  move  on  the  Kaskaskla, 
and  through  Locks  26  to  its  final  destination,  a loss  will  occur  somewhere 
else  on  the  system  to  make  way  for  this  tonnage;  a loss  which  could  hav^ 
been  avoided,  or  at  least  minimized,  had  the  Kaskaskla  been  analyzed  as 
part  of  the  Inland  Navigation  System. 

The  benefits  that  will  accrue  to  the  Nation's  economy  from  development 
of  systems  analysis  techniques  for  the  Inland  Waterways  will  be  difficult 
to  predict  in  monetary  terms.  However  these  benefits  are,  nevertheless, 
of  prime  Importance;  they  are  very  real  in  nature  and  will  become  increa- 
singly important  as  the  Nation's  demand  upon  its  transportation  system 
Increases.  Benefits  to  be  realized  through  development  of  systems  analysis 
Include  the  more  efficient  operation  of  waterway  facilities.  Application 
of  systems  analysis  techniques  to  the  operation  of  our  locks,  dams,  canals 
and  channels  will  result  in  reduced  transit  time  for  tows,  less  traffic 
congestion  and  hazards  from  accidents,  and  greater  tonnage  capacity  of 
the  existing  system,  which  in  turn  will  reduce  overall  Investment  costs 
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for  the  facilities  required  to  move  a given  level  of  commerce.  In  addition, 
the  improved  planning  and  scheduling  of  improvement  programs  which  will 
result  in  reduced  capital  investment.  Previously  the  development  and 
scheduling  of  Inland  navigation  improvement  programs  were  based  largely 
on  judgmental  factors.  No  methodology  existed  to  evaluate  effects  that 
changes  would  cause  to  the  entire  river  system.  The  lace  of  a real 
systematic  methodology  has , in  some  past  instances , resulted  in  building 
"over  capacity"  at  some  locations  while  at  the  same  time  problems  with 
inadequate  capacity  developed  at  others.  Premature  construction  or  con- 
struction out  of  sequence  was  also  a real  possibility.  While  these 
possibilities  always  exist  to  some  degree  because  of  problems  inherent 
to  economic  forecasting,  the  INSA  program  will  permit  a much  more  lucid 
examination  of  all  of  the  system  variables  thereby  minimizing,  if  not 
eliminating,  the  risk  of  erroneous  system  design.  Benefits  will  also 
result  directly  to  tow  operators  (and  in  turn  to  shippers)  through  the 
possession  of  better  information  on  system  conditions,  better  communica- 
tions between  tow  and  lock  personnel  through  better  scheduling  of  tow 
movements  and  more  efficient  utilization  of  towing  equipment.  This,  and 
the  availability  of  sufficient  reliable  information  of  the  Inland  Naviga- 
tion system,  should  contribute  significantly  to  maximizing  the  operating 
efficiency  and  optimizing  the  design  of  our  system  of  Inland  Navigation. 

The  remaining  two  years  of  the  INSA  program  will  tell. 


INLAND  NAVIGATION  SYSTEMS  ANALYSIS 


*LetCer  in  parenthesis  refer  to  the  activities  in  Figure  3 


MAKING  EFFECTIVE  USE  OF  ANALYTICAL  METHODS  IN  PLANNING 


Douglass  B.  Lee,  Jrj 


The  discussion  below  Is  organized  around  four  Intendedly  contro- 
versial statements.  They  should  be  controversial  because  a great  many 
If  not  most  analyses  run  counter  to  at  least  one  of  the  statements, 
whereas  ny  motive  In  fomenting  controversy  Is  to  try  to  bring  efforts 
at  analysis  Into  conformance  with  these  statements.  The  views  expressed 
are  meant  to  complement  those  of  mine  and  others  that  have  appeared 
elsewhere  (Lee,  1973). 

Two  words  are  used  that  should  be  clarified  at  the  outset  In  rela- 
tion to  the  four  statements:  both  "political"  and  "technical"  are 
neutral  descriptive  terms,  and  have  no  positive  or  neoatlve  connotations 
by  themselves.  Political  refers  to  the  process  by  which  we  make  social 
decisions  for  which  there  is  no  generally  accepted  technical  basis 
(whether  to  Invest  In  mass  transit,  emission  controls,  or  air  quality 
models).  Technical  decisions  are  those  that  are  based  on  expert  Informa- 
tion (how  thick  the  pavement  needs  to  be  to  support  heavy  trucks).  Most 
social  decisions  are  a combination  of  political  and  technical,  and  the 
proportions  of  each  often  shift  one  way  or  the  other.  Political  decisions 
become  technical  when  the  decision  process  becomes  routine  (management 
of  drinking  water  quality),  and  technical  decisions  become  political 
when  the  results  raise  controversy  (the  construction  of  urban  freeways). 
The  words  are  used  to  point  out  that  policy  or  planning  necessarily 
Involves  both  political  and  technical  procedures,  not  to  label  things 
as  good  or  bad. 

Attempts  to  Do  Prediction  and  Forecasting  are  Mostly  Misguided 

Prediction  and  forecasting  emphasize  outcomes,  but  In  most  systems 
for  which  planning  Is  difficult  there  are  so  many  likely  outcomes  that 
the  probability  of  any  one  Is  extremely  small  and  hence  uninteresting. 

If  forecasting  Is  to  be  useful.  It  must  aggregate  outcomes  to  the  extent 
that  the  forecast  has  a reasonably  high  reliability.  Almost  always, 
this  will  mean  the  use  of  a relatively  simple  aggregative  model.  Trying 
to  forecast  with  complex  disaggregated  models  wHl  have  low  utility  for 
policy  purposes. 

A much  more  sound  approach  Is  to  develop  analytic  procedures  that 
list  hypothetical  outcomes  along  with  the  particular  assumptions  that 

^Department  of  City  and  Regional  Planning,  University  of  California, 
Berkeley. 
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give  rise  to  each  one.^  Obviously,  the  simpler  the  set  of  assumptions 
leading  to  an  outcome  the  more  useful  the  analysis,  ceteris  paribus. 
Methodologies  of  this  type  (often  simply  accounting  procedures)  depend 
heavily  upon  a strong  body  of  theory,  and  their  use  depends  upon  a good 
deal  of  judgement.  Inserting  statistically  estimated  models  Into  this 
kind  of  methodology  severely  reduces  the  value  of  the  results;  statistical 
estimation  should  be  used  to  construct  and  test  theory,  not  to  construct 
operational  models. 

Forecasting  land  use,  for  example,  has  fallen  prey  to  most  of  the 
dangers  mentioned  above.  The  best  way  to  avoid  these  pitfalls  Is  to 
forget  about  predicting  and  direct  attention  Instead  towards  evaluating 
specific  policy  alternatives. 

The  Optimal  Amount  of  Analysis  Is  the  Minimal  That  Will  Distinguish 
Between  Policy  Alternatives 

Being  able  to  distinguish  between  policies  means  that  only  the 
differences  between  the  two  (or  more)  choices  need  to  be  Identified,  and 
only  with  sufficient  precision  and  reliability  to  evaluate  the  policies. 
Providing  more  than  this  Is  technically  wasteful  In  that  the  capacity  Is 
not  needed,  and  politically  counterproductive  In  that  Irrelevant  Informa- 
tion distracts  from  the  relevant.  Why  then,  produce  more  than  the 
mlnimiin? 

One  Illusion  that  supports  overly  ambitious  efforts  Is  the  belief 
that  many  questions  can  be  answered  from  the  same  analytic  device  and/or 
data  source,  often  a computer  model.  In  practice,  the  opposite  has 
almost  always  been  the  case  ~ the  cost/ effectiveness  would  have  been 
much  more  favorable  If  each  question  had  been  addressed  separately  with 
an  Independent  and  minimal  analysis.  For  some  reason  the  fear  of  repeti- 
tion of  the  same  tasks  completely  dominates  the  consideration  of  excess 
capacity  never  used. 

Another  possible  rationale  for  premature  or  excessive  analysis 
Is  the  shortage  of  lead  time  for  producing  results,  the  Idea  here  being 
that  there  m^y  not  be  time  to  build  the  capability  when  the  need  arises. 
Aside  from  the  Issue  of  deciding  what  unneeded  capacity  to  construct, 
the  short-lead-time  problem  Is  not  a problem  because  there  Is  always 
sufficient  time  to  do  the  needed  analysis  (there  may,  of  course,  be  no 
answer.  In  which  case  no  amount  of  lead  time  Is  enough).  If  attention 
<1s  directed  at  the  political  process  Instead  of  attempting  to  build 
all-purpose  models,  there  Is  no  reason  to  be  caught  In  the  situation 
of  having  too  little  time  to  do  the  analysis  that  Is  appropriate  at  the 
time  It  Is  needed. 


^Bella  (1974)  makes  a parallel  point  by  comparing  "experimental”  models 
(predictive)  and  "theoretical"  models  (hypothetical). 
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There  also  seems  to  be  a belief  that  when  the  whole  picture  becomes 
clear  the  correct  policies  will  become  obvious,  or  at  least  much  easier 
to  discover  and  test.  Without  going  Into  detail.  It  can  be  said  that 
analytic  procedures  not  designed  to  generate  and  test  policy  alterna- 
tives relating  to  a specific  problem  will  be  less  efficient  than  those 
uniquely  designed  to  “do  so.  The  Issue  then  comes  back  to  whether  there 
are  economies  of  scale  from  combining  problems,  as  opposed  to  methodologies. 

Analysis  Should  Be  Designed  to  Be  Suitable  for  Political  Implementation 

A strong  tradition  In  planning  says  that  we  should  not  make  short  run 
decisions  until  we  have  taken  a careful  look  at  the  big  picture  and  the 
long  run,  because  short  run  decisions  may  be  counterproductive.  Whatever 
the  appeal  of  this  "comprehensive"  view  — and  Its  appeal  Is  strong  — It 
Is  unworkable  for  planning  or  policy  purposes.  One  Important  reason  Is 
that  the  systems  are  too  difficult  to  model,  and  will  probably  remain  so. 

A more  fundamental  reason  Is  that  comprehensive  analytic  procedures  are 
suitable  only  for  autocratic  Implementation,  I.e.,  through  an  achnlnlstra- 
tlve  hierarchy,  and  our  social  decision  processes  do  not  function  In  that 
way.  Nor  do  we  want  them  to. 

The  alternative  to  technical  Implementation  (from  the  top  down 
through  the  hierarchy)  Is  political  Implementation,  and  this  process  can 
be  thought  of  as  organizational  negotiation.  An  organization  usually 
represents  some  kind  of  Interest  (local  government,  public  works  agencies, 
neighborhood  groups,  conservationists.  Federal  regulatory  agencies,  etc.) 
or  group  of  Interests,  and  the  resolution  of  the  Inevitable  conflicts  Is 
achieved  not  by  an  omnipotent  czar  or  king  but  through  political  bargain- 
ing. It  Is  not  a question  of  this  being  a bad  or  good  process:  there  Is 
simply  no  democratic  alternative. 

We  are  then  left  with  the  choice  of  trying  both  to  build  highly 
comprehensive  methodologies  and  also  convince  the  population  and  the 
policy  makers  to  think  and  operate  In  those  terms,  or  trying  to  create 
analytical  procedures  that  can  be  useful  In  making  a sequence  of 
(usually  binary)  decisions  through  a messy  political  process.  To  me, 
the  question  Is  rhetorical. 

Optimizing  Algorithms  Have  Very  Little  Application  In  Planning 

A large  nunber  of  methods  have  been  developed  for  finding  the  best 
solution  to  a problem  — often  large  In  terms  of  the  number  of  possible 
solutions  — given  that  the  problem  Is  clearly  specified  and  the  object- 
ive criterion  directly  measurable.  Examples  of  methods  Include  linear 
or  mathematical  programming,  branch-and-bound  or  hill-climbing  algorithms, 
calculus  of  variations  and  optimal  control  theory. 
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Several  criticisms  of  models  or  problem-solving  techniques  of 
the  optimizing  type  have  been  suggested.  A major  one  Is  the  claim  that 
most  planning  problems  are  not  well  specified,  which  Is  true;  If  they 
were,  they  would  not  be  planning  problems,  but  simply  technical  problems. 
An  even  more  devastating  criticism  Is  the  obvious  fact  that  only  one 
goal  (also  well-specified)  can  be  considered,  and  this  Is  never  the 
case  In  reality.  The  difficulty  with  this  criticism  Is  that  It  Implies 
that  If  algorithms  could  be  constructed  for  dealing  with  multiple  goals 
the  methods  would  be  useful,  when  In  fact  the  failure  Is  more  fundamental. 
For  a model  to  be  useful  In  planning.  It  must  be  able  to  Incorporate 
feedback  and  learning  about  both  the  system  performance  and  relevant 
goals. 

Since  planning  Is  a political  process  which  uses  technical  Informa- 
tion, part  of  that  Information  Is  for  the  purpose  of  re-evaluating  goals 
as  well  as  evaluating  progress  towards  them.  If  we  knew  exactly  what  we 
wanted  we  could  turn  the  whole  thing  over  to  a computer  or  a tyrant,  but 
the  truth  Is  that  we  cannot  determine  whether  we  want  one  goal  over 
another  until  we  take  at  least  a step  towards  the  goal.  The  tradeoffs 
between  environmental  quality,  energy  consumption,  and  other  consumption 
provide  nunerous  examples  of  this  kind  of  learning  through  a political/ 
technical  process. 
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A TECHNIQUE  FOR 
OPTIMIZATION  OF 

MULTIPLE-PURPOSE  RESERVOIR  PROJECTS 
BY 

PAUL  E.  JENSEN^ 


INTRODUCTION 

Planning  can  be  defined  as  the  orderly  consideration  of  a project  from 
the  original  statement  of  purpose  through  the  evaluation  of  alternatives 
to  the  final  decision  on  a course  of  action.  Planning  includes  all  of 
the  preconstruction  work  associated  with  a project  except  the  detailed 
engineering  of  the  structures.  The  project  formulation  phase  of  the 
planning  process  is  perhaps  the  most  important  aspect  of  the  total 
engineering  for  the  project  in  that  the  project  formulation  phase  lays 
the  foundation  for  all  subsequent  studies.  Because  no  two  water 
resource  development  projects  are  formulated  (or  planned)  in  identical 
physical  or  economic  settings,  each  project  or  system  of  projects  must 
be  evaluated  on  its  own  merits.  Although  there  is  no  substitute  for 
experience  being  carried  over  from  one  project  to  the  next,  every 
decision  made  in  the  planning  process  should  be  supported  by  quantita- 
tive analysis. 


PURPOSE 

The  purpose  of  this  paper  is  to  present  a technique  for  optimization 
of  multiple-purpose  reservoir  projects.  Most  water  resource  planners 
view  the  construction  of  a reservoir  project  as  a permanent  commitment 
of  a very  valuable  resource,  the  site  itself.  When  a site  is  committed, 
it  should,  therefore,  be  utilized  to  the  fullest  extent  possible  within 
physical,  political,  legal,  and  economic  limitations.  In  this  paper 
optimization  refers  specifically  to  optimization  of  the  scale  of  develop- 
ment at  the  site  based  on  maximum  net  benefits  (total  project  benefits 
less  total  project  costs).  Optimization  based  on  maximation  of  net 
benefits  yields  a scale  of  development  which  is  generally,  if  not  always, 
larger  than  the  scale  of  development  that  would  result  in  a maximum 
benefit-to-cost  ratio.  If  the  objective  in  the  planning  process  were 
to  maximize  the  benefit-to-cost  ratio,  a slight  variation  of  the  follow- 
ing technique  would  be  necessary.  The  technique  described  below  is  a 
graphic  technique  but  may  be  adopted  to  a computer  program. 

PURPOSES  OF  RESERVOIR  DEVELOPMENT 

The  first  step  in  planning  any  reservoir  project  is  a determination  of 
the  purposes  to  be  served  by  the  project.  Reservoir  projects  are  con- 
structed for  any  number  of  purposes,  including  flood  control,  hydroelectric 


1 Civil  Engineer,  Basin  Planning  Branch,  Engineering  Division,  Kansas 
City  District 
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power  production,  irrigation,  water  supply,  navigation,  and  recreation. 
The  first  step  in  the  optimization  process  is  the  evaluation  of  the 
benefits  that  would  be  realized  from  each  project  purpose  at  various 
levels  of  multiple-purpose  project  development.  Let  us  take,  for 
example,  a lake  project  which  is  being  planned  to  serve  the  purposes 
of  municipal  and  industrial  water  supply,  recreation,  and  flood  control. 
Estimates  could  be  made  of  the  benefits  resulting  from  storage  of  a 
10-year  flood,  a 100-year  flood,  and  various  intermediate  floods. 

These  estimates  could  then  be  plotted  as  a flood  control  storage-flood 
control  benefit  curve  as  in  plate  1.  Benefits  resulting  from  various 
amounts  of  multipurpose  storage  can  be  determined  next.  In  our 
example,  all  of  the  multipurpose  storage  is  allocated  to  municipal  and 
industrial  water  supply  and  recreation  benefits  are  based  primarily  on 
the  surface  area  available  for  recreational  use.  The  recreation 
benefits  and  water  supply  benefits  can,  therefore,  be  added  at  any 
selected  multipurpose  storage  amount.  The  multipurpose  benefits  can 
thus  be  plotted  against  multipurpose  storage  as  shown  on  plate  2. 

COSTS  OF  RESERVOIR  DEVELOPMENT 

Hand  in  hand  with  the  evaluation  of  project  benefits  must  be  an  estima- 
tion of  project  costs.  Cost  estimates  should  be  made  for  projects  with 
varying  amounts  of  total  storage  capacity  so  that  a lake  capacity-annual 
cost  curve  can  be  plotted  as  shown  on  plate  3.  Unit  prices  used  in 
estimating  costs  should  be  based  on  comparable  construction  work,  cost 
analysis  of  work  performed  by  or  under  supervision  of  the  Corps  of 
Engineers,  and  data  obtained  from  local  organizations.  Field  inspec- 
tions should  be  made  in  connection  with  these  estimates,  particularly 
for  the  real  estate  and  relocation  portions.  The  damsite  should  also 
be  inspected  for  geologic  characteristics,  etc. 

COMPARISON-OPTIMIZATION 

After  plotting  the  three  curves  shown  on  plates  1 and  3 at  the  same 
scale,  the  optimization  procedure  is  reduced  to  a graphic  problem. 

The  origin  of  the  flood  control  benefit  curve,  plate  1,  is  placed  on 
the  multipurpose  benefit  curve,  plate  3,  and  moved  up  or  down  on  this 
curve  until  a point  is  reached  at  which  the  horizontal  distance  between 
the  flood  control  benefit  curve  and  the  cost  curve  is  at  a maximum. 

See  plate  4.  This  point  on  the  multipurpose  benefit  curve  represents 
the  optimum  multipurpose  storage  capacity  and  its  associated  benefit. 

The  point  on  the  flood  control  benefit  curve  at  which  maximum  net 
benefits  are  attained  represents  the  optimum  flood  control  storage  and 
its  associated  benefit. 


APPLICABILITY 

The  procedure  presented  above  is  applicable  to  nearly  all  multiple- 
purpose  reservoir  projects  at  least  to  some  extent.  It  provides  a 
fairly  simple  method  of  simultaneously  determining  the  optimum  scale 
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of  multipurpose  and  flood  control  development.  Its  results  should  not 
be  considered  final,  but  an  indication  of  the  scale  of  development 
which  would  fully  develop  the  potential  of  the  site.  Its  applicability 
may  be  limited  due  to  legal  or  political  constraints.  In  the  case  of 
municipal  and  industrial  water  supply  storage,  for  example,  local 
interests  must  furnish  assurances  of  the  need  for  such  storage.  The 
amount  of  storage  local  interests  are  willing  to  provide  assurances 
for  may  be  significantly  greater  or  less  than  the  optimum  storage. 

The  same  is  true  for  storage  provided  for  recreation  and/or  fish  and 
wildlife  enhancement.  This  procedure  C2ui  still  serve  a useful  purpose, 
however,  even  in  these  all-to-common  situations.  A case  in  point  is 
Garnett  Lake  which  was  authorized  as  a unit  in  the  Osage-Marais  des 
Cygnes  River,  Kansas  and  Missouri,  flood  control  system.  This  system 
consists  of  several  lakes  plus  two  local  protection  projects.  Garnett 
Lake  would  be  located  in  the  headwaters  area  of  the  basin  on  a major 
tributary  in  eastern  Kansas.  At  this  project  the  total  multipurpose 
storage  necessary  to  meet  all  present  and  near  future  needs  for 
multipurpose  storage  amounted  to  only  a small  portion  of  the  total 
multipurpose  storage  necessary  to  attain  optimum  site  development. 
Relating  this  to  our  previous  example  and  plates,  we  could  assume 
that  the  multipurpose  storage  required  to  meet  all  present  and  near 
future  needs  amounted  to  only  30,000  acre-feet.  Development  of  the 
project  at  this  size  would  be  economically  feasible  but  hardly  acceptable 
if  optimum  site  development  were  to  be  a consideration.  In  the  case 
of  Garnett  Lake,  planning  was  discontinued  and  the  project  was  placed 
on  the  inactive  list  pending  development  of  additional  need  in  the  area. 

SUMMARY 

Planning  for  a multiple-purpose  reservoir  project  involves  the  use  of 
many  tools  which  aid  in  the  final  decision  making  process.  The  opti- 
mization procedure  described  above  is  but  one  of  these  tools.  Properly 
used,  however,  it  can  be  a very  significant  and  helpful  tool. 


40 


LAKE  CAPACITY  IN  THOUSANDS  OP  ACRE  FEET 
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PLATE  NO.  2 


43 


PLATE  NO.  3 


ANNUAL  COST  AND  BENEFITS  IN  MILLIONS 


ANNUAL  COST  AND  BENEFITS  IN  MILLIONS 


HEC-5C,  A SIMULATION  MODEL 
FOR  SYSTEM  FORMULATION  AND  EVALUATION 

by  Bill  S.  Eichert^ 


1.  Need  for  Hydrologic  and  Economic  Simulation  Model 

Because  of  the  great  expenditure  of  funds  required  to  construct 
structures  to  reduce  flooding  In  a river  basin.  It  Is  Important  to  make 
sure  that  each  project  built  Is  justified  and  Is  more  desirable  than  any 
other  alternative.  In  a complex  river  basin  where  numerous  system 
components  exist  or  are  required  to  reduce  flooding,  the  evaluation  of 
each  alternative  requires  a large  number  of  calculations.  Until  recently 
all  such  evaluations  had  to  be  done  by  rather  crude  techniques  or  by 
laborious  manual  procedures,  although  a few  simple  computer  models  could 
be  used  on  parts  of  the  study.  For  example,  a study  made  10  years  ago, 
required  that  10  flood  control  reservoirs  be  considered  In  firming  up 
the  design  of  a few  new  reservoirs  In  a flood  control  system.  The 
hydrology  required  In  operating  the  system  (after  the  historical  flows 
throughout  the  basin  were  known)  for  several  historical  floods  required 
three  men  working  full  time  for  about  4 months  at  a cost  of  about  $25,000. 
In  spite  of  the  large  time  and  cost,  many  simplifying  assumptions  had  to 
be  made,  no  economic  evaluation  was  made  and  no  alternative  solutions 
were  Investigated  because  of  the  manpower,  funds,  and  time  limitations. 

The  same  job  can  be  done  today  with  greater  detail  and  accuracy  with  a 
simulation  model  such  as  HEC-5C  with  less  cost  and  manpower  and.  In 
addition,  each  alternative  can  be  studied  with  a few  hours  of  work  and 
a $20  computer  run  which  will  show  the  average  annual  damages  at  all 
damage  centers  and  the  net  system  flood  benefits.  The  Initial  work  In 
assembling  the  reservoir  data  In  the  required  computer  format  for  the 
system  requires  about  one  man-week  of  work.  The  determination  of  the 
historical  flows  for  all  major  floods  of  t'ecord  throughout  the  system  Is 
the  major  task  and  has  to  be  done  by  either  manual  or  computer  techniques, 
but  could  be  done  with  about  3-man  months  of  effort  for  this  basin. 

The  verification  of  the  model  on  historical  floods  can  be  done  In  a 
couple  of  man  months.  Once  the  above  tasks  are  completed,  detailed 
simulations  can  be  made  easily  and  with  little  expense  for  nimerous 
combinations  of  reservoirs,  and  other  alternatives  Including  nonstruc- 
tural  alternatives. 


^Blll  S.  Elchert,  Director,  The  Hydrologic  Engineering  Center,  609  Second 
Street,  Suite  I,  Davis,  California  95616. 
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2.  Purpose  of  Water  Resources  System  Simulation  Model  - HEC-5C 

This  program  was  developed  to  assist  in  planning  studies  required 
for  the  evaluation  of  proposed  changes  to  a system  and  to  assist  in 
sizing  the  system  components  for  flood  control  and  conservation  require- 
ments for  each  component  recomnended  for  the  system.  The  program  can  be 
used  in  studies  made  immediately  after  a flood  to  calculate  the  preproject 
conditions  and  to  show  the  effects  of  existing  and/or  proposed  reservoirs 
on  flows  and  damages  in  the  system.  The  program  should  also  be  useful  in 
selecting  the  proper  reservoir  releases  throughout  the  system  during  flood 
emergencies  in  order  to  minimize  flooding  as  much  as  possible  and  yet 
empty  the  system  as  quickly  as  possible  while  maintaining  the  proper 
balance  of  flood  control  storage  among  the  reservoirs. 

The  above  purposes  are  accomplished  by  simulating  the  sequential 
operation  of  various  system  components  of  any  configuration  for  short 
interval  historical  or  synthetic  floods  or  for  long  duration  nonflood 
periods,  or  for  combinations  of  the  two.  Specifically  the  program  may 
be  used  to  determine: 

a.  Flood  control  and  conservation  storage  requirements  of  each 
reservoir  in  the  system. 

b.  The  influence  of  a system  of  reservoirs,  or  other  structures  on 
the  spatial  and  temporal  distribution  of  runoff  in  a basin. 

c.  The  evaluation  of  operational  criteria  for  both  flood  control 
and  conservation  for  a system  of  reservoirs. 

d.  The  average  annual  flood  damages,  system  costs,  and  excess 
flood  benefits  over  costs. 

e.  The  determination  of  the  system  of  existing  and  proposed 
reservoirs  or  other  structural  or  nonstructural  alternatives  that 
results  in  the  maximum  net  benefit  for  flood  control  for  the  system 
by  making  simulation  runs  for  selected  alternative  systems. 

3.  Computer  Requirements 

The  program,  written  in  FORTRAN  IV,  was  developed  on  a UN I VAC  1108 
computer  with  64,000  words  of  storage.  The  UNIVAC  version  can  simulate 
the  operation  cf  15  reservoirs,  25  control  points,  5 diversions,  and  9 
power  plants,  using  up  to  50  time  periods  in  each  flood  or  nonflood 
event.  Dimension  limits  have  been  Increased  for  a CDC  7600  computer 
which  allows  the  simulation  of  35  reservoirs,  75  control  points,  11 
diversions,  and  9 power  plants  for  up  to  100  time  periods  for  each 
runoff  event. 
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4.  General  Capabilities  of  Program 


a.  Configuration  of  system  - any  system  configuration  may  be  used 
as  long  as  dimension  limits  are  not  exceeded  for  number  of  reservoirs, 
number  of  control  points,  number  of  diversions,  etc. 

(1)  Reservoirs  which  have  flood  control  storage  may  be  operated 
to  minimize  flooding  at  any  number  of  downstream  control  points. 

(2)  Reservoirs  with  conservation  storage  will  be  operated  for 
their  own  requirements  (power  or  low  flow)  and  can  be  operated  for  any 
number  of  downstream  control  points. 

(3)  Reservoirs  may  be  easily  deleted  from  the  system. 

(4)  Reservoirs  in  system  are  kept  in  balance  (in  the  same  degree 
of  trouble)  as  much  as  possible. 

b.  Outflows  can  be  specified  for  any  number  of  reservoirs  for  any  or 
all  time  periods  and  program  will  adjust  other  reservoir  releases  as 
necessary;  otherwise  program  will  determine  all  reservoir  releases. 

c.  Effects  of  forecast  errors  can  be  evaluated  by  specifying  the 
number  of  forecast  periods  and  a corresponding  contingency  allowance 
(i.e.,  error  in  forecasting). 

d.  Local  flows  can  be  calculated  from  observed  discharges  and 
reservoir  releases;  system  operation  can  be  performed  or  omitted  after 
flows  are  determined. 

e.  The  multiflood  option  may  be  used  to  operate  the  system  for  a 
continuous  period  of  record  (for  example,  5 events  each  containing  4 
years  of  monthly  data  may  be  used  for  a total  of  20  years).  Also  a 
mixture  of  computational  intervals  may  be  used  such  as  running  a monthly 
operation  for  a few  years  (assuming  no  routing  if  desired)  and  then 
operating  for  daily  or  hourly  flows  during  a major  flood  (with  detailed 
flood  routing)  and  then  back  to  a weekly  or  monthly  routing  interval,  etc. 
An  unlimited  number  of  events  can  be  simulated  in  this  manner. 

f.  Evaporatior  and  a monthly  variation  in  reservoir  operating  levels 
can  be  considered  in  the  routings  if  desired. 

g.  Voluminous  output  can  be  suppressed  by  requesting  only  a summary 
output.  Detailed  output  for  a few  selected  control  points  can  also  be 
obtained. 
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h.  Stream  routing  may  be  accomplished  by  the  following  methods: 

(1)  Modified  Puls,  Working  R/0,  Muskingum,  Straddle  Stagger,  and 

Tatum. 

(2)  Each  routing  method  may  be  used  several  times  for  each  reach. 

(3)  Actual  releases  that  are  routed  by  nonlinear  (storage-outflow 
is  not  a straight  line)  methods  (Modified  Puls  or  Working  R/D)  use  a 
linear  approximation  for  determining  reservoir  releases. 

(4)  Natural  and  cumulative  local  flows  are  calculated. 

i.  Reservoir  routing  is  based  on: 

(1)  Accounting  methods  (release  is  determined  based  on  desired 
operation,  storage  is  equal  to  inflow  less  outflow  plus  previous  storage). 

(2)  Surcharge  routing  - when  desired  release  is  greater  than 
physical  outlet  capacity,  the  arithmetical  method,  which  is  a trial  and 
error  method,  is  used  which  will  provide  the  same  results  ns  the  Modified 
Puls  method. 

(3)  Emergency  releases  - when  desired  release  for  current  period 
plus  channel  capacity  releases  for  future  periods  (up  to  limit  of  fore- 
sight specified)  would  cause  reservoir  to  exceed  maximtin  flood  storage 

in  current  or  future  periods,  a release  is  made  for  the  current  period 
(up  to  channel  capacity  nr  the  outlet  capacity)  so  that  the  reservoir 
does  not  exceed  top  of  ^iood  pool  in  future  period. 

j.  Multifloods 

(1)  Read  and  operate  an  unlimited  number  of  floods  for  a 
reservoir  system. 

(2)  The  series  of  floods  can  each  start  at  different  reservoir 
storages  or  from  same  storages  or  can  be  continued  using  the  storages 
from  the  previous  flood. 

(3)  Operate  up  to  9 ratios  of  any  or  all  floods  read. 

(4)  Long  floods  may  be  routed  by  dividing  the  flood  into  flow 
events  which  are  each  less  than  the  dimension  limit  of  the  time  array. 

This  may  be  done  by  manually  setting  in  several  sets  of  flow  data  (with 
each  less  than  the  dimension  limit)  or  by  allowing  the  computer  to 
generate  separate  floods  (when  the  data  read  exceeded  the  dimension 
limit).  A minimum  of  a 10  period  overlap  between  floods  is  used  to 
preserve  continuity. 


48 


(5)  Period  of  record  analysis  may  be  made  by  analyzing  a series 
of  floods  consisting  of  monthly  or  weekly  data  during  nonflood  periods  and 
daily  or  multi  hourly  data  during  flood  periods. 

k.  Diversions 

(1)  Diversions  can  be  made  from  any  reservoir  or  control  point. 
Only  one  diversion  from  each  control  point  or  reservoir  is  allowed. 

(2)  Diversions  can  be  iMde  to  any  downstream  control  point  or 
reservoir  or  out  of  the  system. 

(3)  Diversions  may  be  routed  using  any  linear  method  allowed  and 
multiplied  by  a constant  representing  the  percent  of  return  flow. 

(4)  Types  of  diversions 

(a)  Diversions  can  be  a function  of  inflows. 

(b)  Diversions  can  be  functions  of  reservoir  storages. 

(c)  Diversions  can  be  constant. 

(d)  Diversions  can  be  constant  for  certain  periods  such  as 
50  cfs  for  January,  40  cfs  for  February,  etc. 

(e)  Diversions  can  be  made  for  all  excess  water  above  the 
top  of  conservation  pool  up  to  the  diversion  pipe  capacity. 

5.  Reservoir  Operational  Criteria 

a.  Reservoirs  are  operated  to  satisfy  constraints  at  individual 
reservoirs,  to  maintain  specified  flows  at  downstream  control  points,  and 
to  keep  the  system  in  balance.  Constraints  at  individual  reservoirs  are 
as  follows: 

(1)  When  the  level  of  a reservoir  is  between  the  top  of  conser- 
vation pool  and  the  top  of  flood  pool,  releases  are  made  to  attempt  to 
draw  the  reservoir  to  the  top  of  conservation  pool  without  exceeding  the 
designated  channel  capacity  at  the  reservoir  or  at  downstream  control 
points  for  which  the  reservoir  is  being  operated. 

(2)  Releases  are  made  equal  to  or  greater  than  the  minimum 
desired  flows  when  the  reservoir  storage  is  greater  than  the  top  of  buffer 
storage,  and  or  equal  to  the  required  flow  if  between  level  one  and  the 
top  of  buffer  pool.  No  releases  are  made  when  the  reservoir  is  below 
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level  one  (top  of  inactive  pool).  Releases  calculated  for  hydropower 
requirements  will  override  minimum  flows  if  they  are  greater  than  the 
controlling  desired  or  required  flows. 

(3)  Releases  are  made  equal  to  or  less  than  the  designated 
channel  capacity  at  the  reservoir  until  the  top  of  flood  pool  is 
exceeded,  then  all  excess  flood  water  is  dumped  if  sufficient  outlet 
capacity  is  available.  If  insufficient  capacity  exists,  a surcharge 
routing  is  made.  Input  options  permit  channel  capacity  releases  (or 
greater)  to  be  made  prior  to  the  time  that  the  reservoir  level  reaches 
the  top  of  the  flood  pool  if  forecasted  inflows  are  excessive. 

(4)  The  reservoir  release  is  never  greater  (or  less)  than  the 
previous  period  release  plus  (or  minus)  a percentage  of  the  channel 
capacity  at  the  dam  site  unless  the  reservoir  is  in  surcharge  operation. 

b.  Operational  criteria  for  specified  downstream  control  points  are 
as  follows: 

(1)  Releases  are  not  made  (as  long  as  flood  storage  remains) 
which  would  contribute  to  flooding  at  one  or  more  specified  downstream 
locations  during  a predetermined  number  of  future  periods  except  to 
satisfy  minimum  flow  and  rate~of-change  of  release  criteria.  The 
number  of  future  periods  considered  is  the  lesser  of  the  number  of 
reservoir  release  routing  coefficients  or  the  number  of  local  flow 
forecast  periods. 

(2)  Releases  are  made,  where  possible,  to  exactly  maintain 
downstream  flows  at  channel  capcity  (for  flood  operation)  or  for 
minimum  desired  or  required  flows  (for  conservation  operation).  In 
making  a release  determination,  local  (intervening  area)  flows  can  be 
multiplied  by  a contingency  allowance  (greater  than  1 for  flood  control 
and  less  than  1 for  conservation)  to  account  for  uncertainty  in  fore- 
casting these  flows. 

c.  Operational  criteria  for  keeping  a reservoir  system  in  balance 
are  as  follows: 

(1)  Where  two  or  more  reservoirs  are  in  parallel  operation  above 
a coninon  control  point,  the  reservoir  that  is  at  the  highest  index  level, 
assuming  no  releases  for  the  current  time  period,  will  be  operated  first 
to  try  to  increase  the  flows  in  the  downstream  channel  to  the  target 
flow.  Then  the  remaining  reservoirs  will  be  operated  in  a priority 
established  by  index  levels  to  attempt  to  fill  any  remaining  space  in 
the  downstream  channel  without  causing  flooding  during  any  of  a specified 
nimber  of  future  periods. 
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(2)  If  one  of  two  parallel  reservoirs  has  one  or  more  reservoirs 
upstream  whose  storage  should  be  considered  in  determining  the  priority 
of  releases  from  the  two  parallel  reservoirs,  then  an  equivalent  index 
level  is  determined  for  the  tandem  reservoirs  based  on  the  combined 
storage  in  the  tandem  reservoirs. 

(3)  If  two  reservoirs  are  in  tandem  (one  above  the  other),  the 
upstream  reservoir  can  be  operated  for  control  points  between  the  two 
reservoirs.  In  addition,  when  the  downstream  reservoir  is  being  operated 
for  control  points,  an  attempt  is  made  to  bring  the  upper  reservoir  to 
the  same  index  level  as  the  lower  reservoir  based  on  index  levels  at  the 
end  of  the  previous  time  period. 

6.  Average  Annual  Flood  Damage  Evaluation 

Average  annual  damages  (AAD)  or  damages  for  specific  floods  can  be 
computed  for  up  to  9 different  categories  for  any  or  all  control  points 
(nonreservoirs)  using  one  or  more  ratios  for  each  of  several  historical 
or  synthetic  floods.  They  will  be  computed  for  the  following  three 
conditions: 

a.  Natural  or  unregulated  conditions. 

b.  Regulated  conditions  due  to  the  reservoir  system  assumed. 

c.  Full  regulation  at  those  reservoir  sites  (uncontrolled  local 
flows) . 

Damages  calculated  for  base  conditions  (normally  natural  flows)  using 
selected  floods  and  ratios  are  adjusted  to  average  annual  damages, 
computed  by  integrating  the  base  conditions  damage  frequency  curve  or 
by  using  a predetermined  average  annual  damage.  The  corresponding 
adjustment  is  printed  out  to  help  verify  the  appropriateness  of  the 
floods  and  ratios  selected  in  integrating  the  damage  curve  for  base 
conditions.  Damages  for  modified  conditions  are  based  on  the  cumula- 
tive product  of  the  damages  associated  with  the  modified  peak  flow  for 
each  flood  (for  a certain  damage  center)  times  the  probability  interval 
assigned  to  each  flood  from  the  base  condition  integration.  See  figure 
1 for  an  example  of  the  AAD  integration.  The  damage  for  the  uncont.'olled 
local  flows  are  also  calculated  in  a similar  manner  to  the  modified 
conditions. 

The  damage  reduction  due  to  the  proposed  system  is  based  on  the 
difference  between  the  AAD  for  the  base  conditions  and  the  modified 
conditions.  If  an  existing  reservoir  system  exists  the  damage  reduction 
can  be  based  on  the  difference  between  the  base  conditions  and  the 
modified  conditions  where  the  base  conditions  were  determined  from 
another  simulation  run  (existing  reservoirs  only). 
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A separate  set  of  damage  data  can  be  used  if  the  modified  condition 
damages  do  not  follow  the  base  condition  discharge-damage  curves  as 
would  be  the  case  for  a levee,  channel  improvement  or  nonstructural 
alternative  such  as  flood  proofing,  relocation,  purchase,  flood  plain 
zoning,  etc. 

7.  Multiflood  Selection  and  Operation 

The  selection  of  the  floods  used  in  operating  the  system,  is  of 
paramount  importance  in  the  determination  of  the  average  annual  damages. 

The  floods  selected  must  generate  the  peak  flows  at  the  damage  centers 
(particularly  the  key  ones)  which  represent  the  full  range  of  the  flow- 
frequency-damage  relationship  for  base  conditions  as  well  as  for  modified 
conditions. 

Even  using  all  historical  floods  of  record  may  introduce  some  bias  in 
the  average  annual  damage  if  most  historical  floods  centered  over  a 
certain  part  of  the  basin  by  chance  and  not  over  other  areas.  For  instance 
one  dam  site  may  have  several  severe  historical  floods  while  another  dam 
site  inmediately  adjacent  to  that  area  may,  due  to  chance,  not  have  had 
any  severe  floods. 

While  it  is  possible  in  the  program,  HEC-5C,  to  use  only  a single 
flood  and  several  ratios  of  that  flood  in  computing  average  annual 
damages,  this  procedure  could  introduce  considerable  bias  in  the  results. 

It  would  be  far  better  to  use  several  historical  floods  with  storm 
centerings  throughout  the  basin  and  to  use  several  ratios  of  those  floods 
to  obtain  flows  at  the  damage  centers  representing  the  full  range  of  the 
flow-frequency-damage  relationship  for  base  conditions  and  for  regulated 
conditions.  A good  idea  of  the  adequacy  of  the  selected  floods  and  ratios 
for  reproducing  base  conditions  can  be  obtained  by  looking  at  the 
correction  factor  printed  out  at  each  damage  center  for  each  damage 
category.  This  correction  factor  is  the  ratio  of  average  annual  damage 
computed  by  integrating  the  input  frequency-damage  curve  (or  from  input 
on  DA  card)  to  the  average  annual  damage  computed  by  assigning  probability 
intervals  to  the  system  flows  computed  by  HEC-5C.  When  the  correction  , 
factor  is  close  to  1.0,  it  represents  the  base  conditions  very  well, 
but  may  not  represent  the  modified  condition  if  only  one  or  two  regulated 
floods  cause  damage.  It  is  desirable  to  have  one  flood  that  does  not 
cause  damages  so  that  the  smallest  flood  with  damage  doesn't  receive  too 
large  a probability  interval.  It  is  also  necessary  to  have  several 
modified  historical  floods  produce  damages  spread  out  over  the  modified 
frequency  curve  since  the  integration  of  the  damage -frequency  curve  is 
based  on  rectangular  blocks  for  each  flood  using  the  probabilities  from 
the  base  condition  curve. 
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Studies  are  currently  being  made  at  The  Hydrologic  Engineering  Center 
to  help  establish  criteria  for  the  selection  of  the  floods  and  ratios 
to  use. 

8.  Evaluation  of  Alternative  Reservoir  Systems 

If  this  computer  program  Is  to  be  used  to  evaluate  proposed  reservoirs, 
then  the  data  cards  should  be  assembled  so  that  all  proposed  reservoirs 
are  Included,  even  If  some  of  them  would  serve  as  alternatives  of  others. 
Control  points  should  be  selected  and  coded  for  all  damage  centers,  control 
points  for  reservoir  operation,  and  Information  points.  Once  the  entire 
system  Is  coded,  a single  card  can  be  used  to  delete  reservoirs  from 
the  system  for  each  alternative  system  selected.  This  card  can  be  used 
to  delete  any  reservoir  In  the  system  except  for  downstream  tandem 
reservoirs  (these  reservoirs  can  be  deleted  by  removing  the  reservoir 
cards).  Flood  damages  for  a single  flood  (or  average  annual  flood  damages) 
can  be  evaluated  at  any  number  of  control  points.  Reservoir  costs  can  also 
be  evaluated  by  showing  how  the  costs  vary  with  reservoir  storage  based 
on  the  top  of  flood  control  storage.  If  costs  and  average  annual  flood 
damages  are  calculated,  the  net  system  flood  benefits  will  be  printed 
out  for  each  alternative  system  operated.  By  careful  selection  of 
alternative  systems,  the  system  that  produces  the  maximum  net  flood 
benefits  can  be  determined  by  a reasonable  number  of  separate  computer 
runs. 

9.  Evaluation  of  Nonreservoir  Alternatives 

Structural  and  nonstructural  alternatives  to  certain  reservoirs  can 
also  be  evaluated  in  the  system  simulation  with  or  without  reservoirs  In 
the  system.  The  existence  of  a levee  or  channel  Improvement  can  be 
reflected  In  the  reservoir  system  operation  by  changing  the  channel 
capacity  if  appropriate.  At  the  present  time  only  one  set  of  routing 
criteria  can  be  read  for  each  reach  and  thus  the  natural  and  modified 
routings  use  the  same  criteria.  This  limitation  requires  that  when  the 
routing  criteria  Is  different  between  natural  and  modified  conditions, 
the  natural  flows  must  be  calculated  by  a separate  computer  run  and  entered 
on  cards  for  modified  conditions.  Costs  of  nonreservoir  alternatives 
can  be  shown  as  functions  of  the  channel  discharges.  For  a given  design 
discharge  an  Interpolation  Is  made  to  determine  the  capital  cost 
applicable  to  the  control  point.  The  average  annual  flood  damages  can 
be  evaluated  in  the  same  manner  as  for  reservoir  alternatives.  However, 
the  zero  damage  point  can  be  automatically  changed  to  the  design 
discharge  for  modified  conditions  If  a control  point  cost  card  Is  read. 

Two  sets  of  damage  cards  can  be  read  as  an  alternative  to  the  above 
procedure.  In  representing  natural  and  regulated  conditions,  so  that 
the  entire  damage  curve  can  be  changed  for  regulated  conditions. 
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Nonstructural  alternatives  (flood  proofing,  flood  plain  zoning,  etc.) 
can  be  handled  in  the  same  manner  as  structural  alternatives  (usually  by 
using  two  sets  of  damage  cards),  however  the  nonstructural  alternative  will 
require  defining  the  upper  limit  of  the  flood  proofing,  zoning,  etc.  as 
a channel  capacity  or  design  discharge. 

10.  Use  of  HEC-5C  in  Flood  Control  System  Selection 

As  can  be  seen  in  table  1,  quite  a few  reservoir  systems  have  been 
simulated  using  HEC-5.  Most  of  these  systems  have  used  the  flood  control 
version  which  was  released  in  Hay  1973.  The  version  which  also  includes 
conservation  operation  (HEC-5C)  has  not  been  officially  released  yet,  but 
it  has  been  used  for  flood  control  simulation  and  average  annual  damages 
have  been  calculated  for  the  Susquehanna,  Red  River  of  the  North,  and  the 
Grand  (Neosho)  River  basins.  Monthly  conservation  operation  has  been 
used  on  the  Pajaro  River,  the  Red  River  of  the  North,  the  Hudson  River 
Basin  and  several  hypothetical  systems.  Of  the  studies  conducted  to 
date  by  HEC  using  this  model,  five  of  them  have  been  for  preliminary 
planning  studies  and  have  been  used  for  the  sole  purpose  of  determining 
the  regulated  flows  throughout  the  basin  for  various  historical  and 
synthetic  floods.  Each  one  of  these  basins  also  had  a HEC-1  rainfall 
runoff  data  model  developed  in  order  to  calculate  the  runoff  from 
synthetic  floods  and  to  use  rainfall  to  get  a better  distribution  of 
runoff  for  historical  floods.  The  study  of  the  15  reservoir  system  for 
the  Trinity  River  was  made  in  connection  with  Design  Memorandum  studies 
for  the  Tennessee  Colony  reservoir  in  order  to  determine  the  flood  control 
storage  in  that  downstream  project  (14  reservoirs  above  it)  and  to  eval- 
uate various  alternative  plans  of  channel  improvements  below  the  project. 
The  work  on  the  existing  five  reservoir  Merrimack  basin  is  expected  to 
use  HEC-5  in  a real-time  operation  mode  using  forecasting  routines  and 
automatic  data  collection  by  July  of  1975. 

The  Susquehanna  River  Basin  has  12  reservoirs  existing  or  under 
construction,  and  another  22  potential  reservoir  sites  are  being 
investigated  along  with  other  structural  and  nonstructural  alternatives 
in  a preliminary  plannning  study  being  conducted  by  the  Baltimore 
District  office  of  the  Corps,  the  HEC  and  a private  consulting  firm 
Anderson-Nichols  of  Boston,  Massachusetts.  The  decision  for  selection 
of  the  desired  system  will  make  important  use  of  the  average  annual 
damage  reduction  and  net  benefits  of  the  alternative  systems  which  will 
be  printed  out  for  each  alternative  evaluated  by  HEC-5C. 

11.  Model  Data  Requirements  and  Output 

The  input  data  requirements  for  HEC-5C  can  be  minimal  for  very 
preliminary  planning  studies  or  it  can  be  very  detailed  for  modeling 
existing  systems.  The  minimum  data  requirements  are  as  follows: 
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a.  General  Information  (4  cards) 

(1)  Title  cards  for  Job  (3  cards) 

(2)  Six  miscellaneous  items  including  the  number  of  periods  of 
flow  data,  time  interval  of  flows,  etc. 

b.  Reservoir  Data  (4  cards  per  reservoir) 

(1)  Reservoir  capacities  for  top  of  conservation  and  top  of 
flood  control  elevations. 

(2)  Downstream  control  points  for  which  reservoir  is  operated 

(3)  Reservoir  storage/outflow  tables 

c.  Control  Point  (including  reservoirs)  Data  (3  cards  per  control  point) 

(1)  Identification  number  and  title 

(2)  Channel  capacity 

(3)  Channel  routing  criteria 

d.  Flow  Data 

Inflow  or  local  flow  data  for  each  control  point  for  one  or  more 
historical  or  synthetic  floods. 

Additional  input  information  useful  for  planning  studies: 

a.  Average  Annual  Damage  Data  (a  minimum  of  4 cards  per  damage  center) 
Peak  discharge-damage-frequencies  tables 

b.  Cost  Data  (1  card  per  control  point) 

(1)  Reservoir  capital  costs  vs  storage  or 

(2)  Control  point  capital  costs  vs  channel  discharge  and 

(3)  Capital  recovery  factor 

(4)  Annual  operation  and  maintenance  costs 
The  output  available  from  the  program  includes 
a.  Listing  of  input  data 
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b.  Results  of  system  operation  arranged  by  downstream  sequence  of 
control  points. 

c.  Results  of  system  operation  arranged  by  sequence  of  time  periods 

d.  Summary  of  flooding  for  system 

e.  Summary  of  reservoir  releases  and  control  point  flows  by  period 

f.  Summary  of  conservation  operation  if  monthly  routing  was  made 

g.  Summary  of  maximum  flows,  storages,  etc.,  for  each  fl.?od  event 

h.  Summary  of  maximum  and  minimum  data  for  all  floods 

i . Summary  of  average  annual  damages 

j.  Summary  of  system  costs  (annual  and  capital)  and  net  benefits. 
Examples  of  some  of  the  summaries  are  shown  as  figures  2-12. 

12.  Strategy  for  Selection  of  Alternative  Systems 

For  systems  with  only  a few  possible  components  the  strategy  for 
determining  the  best  alternatives  can  be  quite  simple  since  each  possible 
alternative  can  be  evaluated.  For  systems  with  a large  number  of  possible 
alternatives,  the  strategy  can  be  difficult  to  predetermine  and  the  best 
available  procedure  to  follow  may  be  to  simply  select  alternatives  to  be 
evaluated  one  at  a time  following  a careful  review  of  information  obtained 
from  previous  runs. 

Certain  economic  criteria  must  be  observed  for  the  final  system 
selected.  The  incremental  cost  of  the  new  components  of  the  proposed 
system  must  be  less  than  the  damage  reduction  accomplished  by  the  new 
components.  In  addition,  each  project  must  be  justified  on  the  basis  of 
the  last  increment  added.  That  is  to  say,  the  cost  of  each  project  must 
be  less  than  the  difference  between  the  average  annual  damages  of  the  , 
proposed  system  with  and  without  that  project. 

A certain  minimum  performance  criteria  is  also  necessary.  This 
philosophy  says  that  if  a certain  level  of  protection  can  not  be  provided 
by  the  system  then  it  would  be  better  not  to  build  any  structures  than 
to  give  the  public  a sense  of  false  security. 

With  the  above  ideas  in  mind  it  seems  necessary  to  first  determine  a 
minimum  system  that  will  provide  an  acceptable  level  of  protection.  Next 
see  if  various  alternatives  can  be  used  to  get  a larger  value  of  the 
maximum  net  benefits.  When  the  maximum  net  benefits  appears  to  be 
obtained  (and  it  is  positive)  then  each  project  should  be  deleted  in 
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turn  to  see  if  that  project  prevented  more  damages  than  it  cost  to  build. 
The  process  of  maximizing  the  net  benefits  by  selecting  alternatives  and 
evaluating  using  HEC-5C,  at  present,  can  only  be  based  on  good  engineering 
judgment.  After  a few  studies  are  completed  using  this  new  tool,  perhaps 
more  definite  guidance  will  be  available. 

13.  Future  Use  of  Model  for  Multipurpose  Systems 

The  current  version  of  the  program  does  have  capabilities  for  multi- 
purpose operation  of  reservoir  systems,  but  does  not  have  multipurpose 
economic  evaluation  routines.  While  the  program  can  operate  for  low 
flows  at  one  or  more  downstream  points,  for  flood  control  operation  and 
for  individual  hydropower  requirements,  the  conservation  capabilities 
have  not  been  tested  on  a sufficient  number  of  systems  to  provide  the 
necessary  confidence.  When  a few  more  systems  have  been  successfully 
operated  for  conservation  and  flood  control  together,  that  confidence 
will  be  obtained. 

The  major  additions  necessary  for  the  future  are  in  the  area  of 
hydropower  systems,  multipurpose  benefit  evaluation  and  extensive  testing. 

14.  Conclusions 

It  appears  that  the  HEC-5C  simulation  model  should  be  a useful  tool 
for  planners  to  evaluate  the  effects  of  water  resource  projects  and 
nonstructural  alternatives  in  most  river  basins  because  it  can  accurately, 
quickly,  and  inexpensively  simulate  the  hydrologic  and  economic  responses 
of  the  system.  While  much  of  the  detailed  analysis  of  hydrology,  reservoir 
regulations,  and  economics  can  be  accomplished  by  the  model,  considerable 
engineering  ingenuity  will  be  required  to  insure  that  the  proper  data  is 
used  in  the  model,  that  the  model  is  giving  valid  results,  and  that  the 
proper  sequence  of  alternatives  are  evaluated  in  order  to  determine  the 
best  plan  for  the  reduction  of  damages  in  a basin. 

It  also  seems  probable  that  the  model  will  be  useful  for  simulating 
multipurpose  reservoir  operation.  In  this  connection  considerable  work 
will  be  required  to  develop  economic  and  social  parameters  to  allow 
multipurpose  evaluation  of  the  system  alternatives  similar  to  flood 
control . 

Considerable  experience  and  research  will  be  required  to  develop 
procedures,  techniques  and/or  optimization  subroutines  which  will  enable 
the  program  to  be  used  in  the  most  efficient  manner  in  the  selection 
of  the  best  multipurpose  alternatives  for  the  basin. 
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SYSTEMS  SIMULATED  BY  HEC-5 
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DAMAGE-  FREQUENCY  CURVES 


AVERAGE  ANNUAL  DAMAGE  CALCULATIONS 


EXCEEDENCE  FREQUENCY 


note:  This  figura  It  not  for  tamo  oxomplt  at  Figt.  2-12. 


FIGURE  1. 

EXAMPLE  OF  AAD  INTEGRATION  FOR 
MULTIPLE  FLOODS 
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EXAMPLE  SEQUENTIAL  OUTPUT 
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EXAMPLE  FLOOD  SUMMARY 


•**(►*.  MA*  VALUES  FOR  HUlYY  FLOODS 
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example 


summary  of  SYSTfM  COSTS 


EXAMPLE  CAPITAL  COSTS 


System  economic  cost  and  performance  summary 
_ (exclusive  of  existing  system  costs) 


EXAMPLE  NET  BENEFITS 


A SELECTIVE  REVIEW  ^ UNITED  STATES 
INTERINDUSTRY  MODELS  AND  APPLICATIONS^ 

by 

E.  M.  LOFTING^ 

The  theoretical  principles  of  interindustry  economics 

were  wel 1 -devel oped  by  the  late  1930's  and  basic  models  had 

3 

been  established  for  the  economy  of  the  United  States. 

During  World  War  2 generalized  models  of  this  type  were 

developed  to  aid  in  the  solution  of  problems  relating  to 

4 

the  strategic  allocation  of  manpower  and  materials. 

After  World  War  2,  the  1947  economic  censuses 

were  used  to  develop  the  first  large-scale  interindustry 

model  of  the  U.S.  economy,  known  as  the  emergency  model 
5 

(E-M).  This  work  was  carried  out  in  the  Bureau  of  Labor 

Statistics  (BLS),  U.S.  Department  of  Labor.  The  model  in 

its  most  detailed  form  showed  450  discrete  sectors  of  the 

national  economy  and  was  used  for  the  analysis  of  potential 

resource  bottlenecks  which  might  arise  in  connection  with 

various  aspects  of  U.S.  international  commitments  in  what 

6 

was  known  then  as  the  Cold  War. 

In  1953,  a major  review  of  agency  programs  was 
initiated  and  in  the  interest  of  reduced  government  spending 
further  work  in  interindustry  analysis  at  the  national  level 
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7 

was  curtailed.  Hence,  no  U.S.  interindustry  table  was 

structured  from  the  1953  economic  censuses.  In  1961  the 

usefulness  of  input-output  tables  was  reassessed  and  based 

on  the  1958  census  a modest  research  undertaking  was  initiated 

which  resulted  in  an  82  sector  table  being  published  in 
8 

September  1966.  The  1947  table,  as  noted,  was  developed  by 

BLS  in  the  U.S.  Department  of  Labor.  The  research  based  on 

1958  data  was  sited  in  the  Office  of  Business  Economics, 

U.S.  Department  of  Commerce  and  in  contrast  to  the  earlier 

work  the  1958  table  was  made  fully  consistent  with  the  National 

Income  and  Product  accounts.  In  fact  the  table  was  used  as 

a benchmark  for  modifying  components  of  the  entire  Income 

9 

and  Product  Account  series  extending  back  to  1929. 

For  the  1963  census  year  a more  ambitious  effort  resulted 

10  , 

in  a further  82  order  model  published  in  1969  along  with 

11 

367  and  478  sector  models  which  emphasized  manufacturing 

and  construction  sector  detail. 

The  February  1974  issue  of  the  Survey  of  Current 
12 

Business  contains  the  1967  input-output  table,  and  computer 

tapes  of  the  367  and  478  sector  models  are  expected  in  the 
13 

near  future.  The  original  1947  BLS  table  was  re-worked  to 

14 

conform  with  the  later  QBE  tables  so  that  for  the  20-year 
period  (1947  - 1967)  a detailed  analysis  of  technological 
change  is  possible. 
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In  allied  research  endeavors  the  Bureau  of  Labor 

Statistics  has  projected  the  1958  and  1963  80-order  tables 
15  16  17 

to  1970  , 1975  , and  1980  . Similar  work  is  underway  for 

18 

1 985  . 

The  United  States  Bureau  of  Mines  undertook  the 

19 

disaggregation  of  the  six  original  ISP  mineral  sectors 

of  the  1958  table  to  show  the  structural  detail  of  48  three 

20 

and  four  digit  SIC  mineral  industries  • This  research  was 

extended  to  the  1963  367-sector  table  in  which  the  original 

six  ISP  mining  sectors  were  disaggregated  to  show  44  three 

21 

and  four  digit  SIC  mining  industry  detail.  It  is  expected 

that  similar  detail  for  mining  will  be  generated  for  1 967  ,' 

22 

and  1972  with  projections  to  1975 

In  a major  research  undertaking  based  on  the  1963 

national  table  the  Economic  Development  Administration  funded 

23 

the  Harvard  Economic  Research  Project  (HERP)  to  develop 

80-order  state  tables  that  were  consistent  with  (would  sum  to) 

the  national  totals  in  a mul ti regi ona 1 input-output  frame- 
24 

work  • This  effort  brought  the  first  consistent  set  of  gross 

outputs,  final  demands,  and  state-to-state  commodity  flow 

25 

estimates  to  the  field  of  regional  input-output  analysis 

Plans  are  currently  underway  to  repeat  this  procedure  for 
26 

1 967  . 

Having  presented  this  brief  summary  of  interindustry 
research  as  a background  to  the  discussion  of  specific 
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applications,  it  may  be  viewed  as  somewhat  disappointing, 

given  the  marked  inflation  of  recent  years,  to  stress  that 

work  based  on  1967  data  will  be  undertaken,  or  has  just 

recently  been  released.  However,  there  continues  to  be  hope 

that  this  situation  can  and  will  be  remedied  once  the  value 

of  interindustry  studies  in  regional  planning  is  more  fully 

understood  and  appreciated.  In  contrast  to  the  rather  slow 

growth  of  interindustry  economics  in  the  United  States, 

investment  planning  abroad  has  received  substantial  support 

27 

from  generalized  multisector  models 

Perhaps  because  of  the  vastness  of  the  United  States 

and  its  traditional  wealth  of  resources  compared  to  many 

European  countries  there  appears  to  be  a much  greater  reliance 

on  what  Adam  Smith  termed  the  "invisible  hand"  of  the  market. 

It  is  not  uncommon  to  encounter  a strong  resistance  to  input- 

output  methods  and  the  belief  that  resource  scarcity  problems 

i.e.  water,  energy,  air,  can  be  alleviated  without  conscious, 

deliberate  effort  on  the  part  of  planners.  As  Harry  Richardson 

28 

has  noted  in  his  recent  book  "A  strange  feature  about 

regional  input-output  analysis  is  that  attitudes  towards  its 

usefulness  and  validity  tend  to  be  extreme.  Every  regional 

economist  seems  to  be  either  its  dauntless  champion  or  its 

fierce  detractor."  Richardson,  writing  in  1972,  documents 

29 

the  contentions  noted  clearly  by  Leontief  in  1941 
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The  excerpt  points  up  the  philosophical  difficulties 
for  input-output  that  remain  after  thirty  years  of  professional 
debate.  During  this  time span,  however , the  base  of  factual 
information  in  the  United  States  has  been  greatly  fortified. 

In  matters  of  practical  application,  the  uses  of 
interindustry  economics  generally  fall  into  three  broad 
categories.  These  are:  (1)  the  analysis  of  economic  structure, 

(2)  the  formulation  of  economic  policy  and  programs  of  action, 

(3)  the  projection  of  industrial  activity  levels  and  resource  use 
to  future  time  frames. 

As  a part  of  the  analysis  of  the  general  interdependence 
or  interlinking  of  the  economy  it  is  customary  to  develop 

30 

output  and  income  multipliers  for  each  sector  under  study. 

The  output  multipliers  show  the  extent  to  which  sectors  are 

interlinked.  A consideration  of  the  magnitude  of  the  income 

multipliers  can  aid  in  policy  decisions  concerning  sectoral 

programs  to  stimulate  income.  An  analysis  of  resource  use 

is  aided  by  the  concept  of  a "factor  content"  matrix. 

This  matrix  is  usually  formed  by  premultiplying  the  matrix  of 

total  requirements  by  a diagonal  matrix  of  coefficients  which 

show  the  resource  inputs  per  unit  of  output  for  each  sector. 

The  resulting  matrix  is  (for  example)  in  units  of  man-years 
31  32  33 

of  labor,  acre-feet  of  water,  or  BTU's  of  energy.  An  analysis 

can  then  be  carried  out  sector  by  sector  to  determine  the 
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labor  (water  or  energy)  intensive  activites  and  the  extent 

to  which  industries  which  use  minimal  resources  as  a direct 

input  to  their  own  productive  processes  are  heavily  interlinked 

to  other  industries  which  are  resource  intensive. 

The  problem  can  be  rephrased  somewhat  in  terms  of 

"impact."  It  might  be  asked  what  impact  the  expansion  of 

demand  for  the  products  of  one  sector  may  have  on  the  output 

of  any  other  industry.  The  matter  is  one  of  analyzing  demand 

interdependence  for  specific  resources.  More  recently  with 

the  awareness  of  environmental  problems  it  was  realized  that 

input-output  tables  could  not  only  focus  on  resource  inputs 

but  also  on  residuals  output,  or  wastes,  to  the  environment 

34 

per  unit  of  product  output.  Thus  the  sale  of  an  automobile 

in  Texas  has  resulted  in  waste  emissions  from  steel,  rubber, 

and  paint  production  in  Gary,  Akron,  and  Detroit  respectively. 

The  problem  is  one  of  accurately  quantifying  the  emission 

rates  of  residuals  per  unit  of  production  for  water,  air, 

35 

and  solid  wastes.  "Residuals"  content  matrices  could  be  set 
up  for  each  type  of  waste  being  discharged.  A materials 
mass  balance  of  the  economy  could  be  studied  and  the  opportunities 
noted  for  reclamation  and  recycling  these  materials  back  into 
the  productive  process.  The  associated  costs  in  terms  of  real 
• nmrijf  resources  and  labor  could  also  be  quantified. 

i 
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The  theoretical  accounting  framework  exists  for  such 
comprehensive  analyses  at  the  national,  regional,  and  local 
level.  However,  it  may  be  asked  what  are  the  real  possi- 
bilities for  successfully  implementing  this  form  of  analysis 
for  some  specific  planning  application  in  the  United  States? 
Let  us  deal  point  by  point  with  problems  of  data  assembly, 
model  construction,  and  analysis. 

As  noted  earlier,  at  the  present  time  the  1967  national 
input-output  table  is  available  showing  80,  367,  and  478 
sector  detail.  For  discussion  purposes  let  us  say  that  we 
are  interested  in  applying  the  analysis  to  a single  county 
or  group  of  counties.  A first  objection  might  be  that  the 
use  of  1967  technical  coefficients  for  1974  analysis  and 
projection  would  be  of  little  value.  This  objection  can  be 
met,  at  least  partially.  It  can  be  noted  that  the  1972 
census  is  currently  being  released  and  that  these  data  along 
with  1972  national  income  data  and  sectoral  price  relatives 
can  be  used  to  "update"  the  table  to  1972.  Updating  tech- 
niques have  been  used  in  England  and  Canada  with  moderate 

36 

success.  At  worst  the  resulting  table  would  probably  over- 
state resource  requirements.  Having  dealt  with  the  updating 
problem  at  the  national  level  the  matter  of  regionalizing 
remains . 

Techniques  have  been  developed  for  allocating 

outputs  to  state.  Standard  Metropolitan  Statistical  Areas, 

37 

and  counties.  These  allocations  can  be  based  on  county 
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payroll  or  employment  data  where  a maximum  of  industry  detail 

is  maintained.  Frequently  County  Business  Patterns  CBP 

can  provide  much  of  this  information.  Richardson  maintains 

that  the  use  of  national  technical  coefficients  for  local 

area  input-output  work  is  acceptable  if  one  begins  with  three 

38 

to  four  hundred  national  sector  detail.  For  practical  purposes 

this  assumes  four-digit  SIC  data  are  needed  at  the  county  level. 

Final  demands  can  be  estimated  based  on  population,  income, 

and  Federal,  state  and  local  expenditure  data. 

The  final  structuring  of  the  transactions  table  can  be 

accomplished  by  following  some  variant  of  the  basic  Moore  and 
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Petersen  technique. 

Income,  employment,  water  use  and  other  resource  data 
can  now  be  assembled  for  each  sector  of  the  local  table  and 
the  multiplier  or  impact  analyses  described  above  can  now 
be  carried  out. 

For  environmental  analyses.  Corps  of  Engineers 
Permit  Application  data.  Regional  Air  Quality  Control  Board 
information,  and  other  estimates  of  solid  waste  generation 
can  be  used  to  make  a comprehensive  sector  analysis  of  the 

40 

environmental  impacts  for  certain  hypothesized  growth  patterns. 

If  it  seems  desireable  the  entire  analysis  can  be  cast 
in  a linear  programming  format  to  maximize  regional  product 
subject  to  certain  resource  constraints  on  the  supply  side 
and  certain  environmental  constraints  on  the  gross  wastes 
discharged.  In  sum,  it  might  be  stated  with  reasonable 
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objectivity  that  for  most  local  areas  of  the  United  States 
and  certainly  for  states  and  regions  comprehensive  input- 
output  analyses  of  resource  use  and  environmental  impacts 
are  fully  realizeable  as  part  of  the  regional  planning 
process . 
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OPTIMIZING  COMPONENTS  OF  URBAN 
FLOOD  CONTROL  SYSTEMS 

By 

Darryl  W.  Davis^ 
INTRODUCTION 


Flood  control  works  within  urban  areas  frequently  consist  of  a 
number  of  interrelated  components,  such  as  detention  storage  reservoirs, 
channel  modifications,  land  use  controls,  levees,  floodproofing  and 
pumping  facilities.  There  is  a wide  range  of  configurations  and  sizes 
of  these  measures  that  will  accomplish  a specific  technical  objective 
such  as  a specified  degree  of  protection.  The  need  to  determine  the 
size  and  configuration  of  the  works  within  urban  areas  has  given  rise 
to  many  analysis  that  attempt  to  determine  trade-offs  between  facilities 
and  performance  so  as  to  achieve  an  overall  better  solution.  For  example, 
if  there  were  two  components  being  studied  for  an  urban  system— storage 
and  pumpi ng— water  could  be  stored  in  some  areas  and  the  excess  pumped 
out  in  the  lowers  reaches.  There  would  obviously  be  some  best  size  of 
these  two  components  that  would  maximize  the  system's  net  value  or 
accomplish  a performance  standard  most  efficiently. 

The  problem  of  determining  the  size  of  a number  of  interrelated 
components  is  not  new  and  for  at  least  the  recent  past  a large  number 
of  analytical  optimization  procedures  have  been  developed.  In  fact  the 
professional  discipline  of  operations  research  has  concentrated  almost 
exclusively  on  these  problems.  These  techniques  have  been  quite  success- 
ful in  areas  where  the  objectives  are  well  defined,  and  the  system  response 
to  the  interaction  of  system  components  can  be  modeled  with  fairly  simple 
mathematical  relationships.  The  application  of  these  techniques  to  water 
resource  systems  has  been  mostly  by  academic  research  groups  in  the  case 
study  mode  (analyzing  others'  problems)  as  contrasted  with  functioning 
as  an  integral  part  of  planning  studies.  A major  reason  for  this  is 
that  water  resource  systems  are  extremely  complex  and  to  accurately 
define  the  functioning  of  the  system  requires  fairly  detailed  analysis. 

In  addition  there  is  considerable  uncertainty  in  system  inputs  and 
desired  outputs.  Water  resources  planners  have  been  relunctant  to  sim- 
plify their  systems  to  the  degree  necessary  to  make  use  of  the  more  auto- 
mated optimization  procedures.  The  belief  among  planners  is  that  the 
simplifications  result  in  not  capturing  the  essence  of  the  system  per- 
formance and  component  interactions  of  water  resources  systems. 


^Chief,  Planning  Analysis  Branch,  The  Hydrologic  Engineering  Center, 
Davis,  California. 

March  27,  1974. 
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This  paper  describes  a technique  that  has  been  developed  and 
programmed  into  an  existing  Hydrologic  Engineering  Center  (HEC)  com- 
puter model  that  permits  the  determination  of  the  "best"  size  of  the 
individual  components  of  a complex  interrelated  system  of  urban  flood 
control  works  while  using  techniques  of  analysis  that  are  very  near 
to  the  present  state-of-the-art  in  the  Corps  in  hydrologic  modeling, 
cost  analysis  and  economic  damage-frequency  analysis.  "Best"  is 
defined  as  the  component  sizes  that  yield  the  maximum  value  cf  system 
net  benefits  while  observing  performance  standard  constraints,  if  they 
exist.  This  capability  has  been  developed  so  that  a system  consisting 
of  up  to  six  detention  storage  reservoirs,  two  within  or  out  of  basin 
diversions,  and  two  pumping  facilities  can  be  automatically  sized. 

The  major  contribution  of  this  capability  to  planning  efforts  is 
that  it  permits  the  study  to  focus  on  broad  structuring  of  alternative 
systems  that  include  physical  works  and  nonstructural  measures  and  not 
allow  to  become  dominant  the  large  task  of  searching  out  the  correct 
sizes  for  components  for  each  alternative  system. 


PLAN  FORMULATION  METHODOLOGY 


The  technique  has  been  developed  to  be  as  near  compatible  with  cur- 
rent plan  formulation  procedures  as  possible.  In  order  to  understand 
the  development  of  the  technique  and  its  probable  role  in  planning 
studies,  it  is  necessary  to  understand,  at  least  conceptually,  the 
plan  formulation  and  evaluation  process  in  urban  flood  control  studies. 

A simplified  description  of  a plan  formulation  strategy  that  Is 
employed  in  urban  storm  drainage  and  flood  control  planning  is  as 
follows.  Initially,  public  meetings  are  held  and  Investigations  are 
Initiated  to  determine  the  broad  social  objectives  within  the  study  area. 

The  social  objectives  primarily  serve  to  assist  In  defining  the  concerns 
of  the  public  and  concepts  to  be  used  In  structuring  management  alterna- 
tives and  defining  technical  objectives  and  criteria  that  will  be  used 
in  structuring  the  technologic  components  of  management  alternatives. 

Stated  more  completely,  such  social  objectives  as  alleviating  a specific 
dangerous  flooding  situation,  providing  a regional  recreation  opportunity, 
removing  the  cause  of  stunted  economic  growth,  and  providing  a better 
community  environment  would  be  translate  into  a range  of  management 
alternatives  that  would  consider  the  location  and  severity  of  flooding, 
possibilities  of  joint  site  use  for  specific  temporary  detention  storage 
and  urban  recreations  and  appropriate  performance  standards  for  compo- 
nents of  the  systems.  Once  the  general  delineation  of  concerns  and  oppor- 
tunities for  furthering  the  social  objectives  is  accomplished,  the  technical 
analysis  is  performed  to  define  the  performance  of  the  alternative  systems 
and  assess  the  system's  economic  and  environmental  assets  and  liabilities. 
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The  Information  developed  by  these  analyses  Is  used  In  successive 
refinement  of  the  alternatives  and  formulation  of  Implementation  strategies. 
An  objective  within  the  successive  refinement  of  alternatives  Is  usually 
to  determine  the  system,  which  can  Include  physical  works  and  other  non- 
structural  measures,  that  will  In  the  aggregate  perform  their  function 
most  economically.  The  most  economically  efficient  size  for  a system  exists 
when  the  difference  between  the  total  annual  benefits  and  the  total  annual 
cost  Is  maximized,  which  Is  termed  the  scale  of  maximum  net  benefits.  In 
studies  with  a few  components,  say  two  or  less,  the  usual  approach  Is  to 
nominate  a few  selected  component  sizes,  determine  their  performance  and 
graphically  estimate  the  particular  component  scales  that  would  accomplish 
the  economic  objective.  For  more  than  two  components,  graphical  analysis 
Is  virtually  Impossible. 

The  next  step  In  formulation  Is  usually  to  "select"  a performance 
standard,  giving  appropriate  weight  to  social  and  environmental  objectives. 
The  performance  standard  Is  usually  expressed  as  the  "degree  of  protection", 
or  the  specific  hydrologic  event  that  can  be  controlled  so  that  flood 
damages  do  not  result.  A 50-year  degree  of  protection  would  be  provided 
by  a system  that  reduced  the  flows  and  stages  within  an  urban  area  for  a 
50-year  flood  to  flows  and  stages  below  damaging  levels. 

Another  sizing  problem  exists  upon  selecting  a performance  standard 
which  Is  to  determine  the  scale  of  the  system  components  that  will 
accomplish  the  target  degree  of  protection  most  efficient  economically. 

The  usual  approach  Is  to  size  the  facilities  so  that  they  accomplish  the 
target  performance  standard  at  the  least  overall  annual  cost.  A better 
approach  would  be  to  size  the  facilities  to  accomplish  the  target  perform- 
ance standard  while  to  the  extent  possible  maximizing  system  net  benefits. 
This  concept  recognizes  that  different  components,  such  as  reservoirs 
and  levees,  perform  differently  over  the  entire  range  of  future  events, 
some  of  which  will  probably  exceed  the  performance  target  event. 

The  determination  of  the  system  that  maximizes  net  benefits  or 
accomplishes  the  performance  standard  as  specified  by  a degree  of  pro- 
tection Is  by  no  means  trivial  when  there  are  more  than  one  or  two  major 
components  whose  Individual  sizes  may  vary  over  a considerable  range  and 
the  system's  performance  Is  complex.  For  complex  urban  flood  management 
systems,  the  analysis  can  be  extremely  tedious  and  consume  a very  large 
portion  of  the  efforts  and  energies  of  those  performing  the  studies.  If 
they  are  done  at  all. 

The  technique  that  has  been  developed  and  described  herein  Is  designed 
to  be  compatible  with  the  above  plan  formulation  methodology.  The  objec- 
tive In  Its  development  was  to  create  the  capability  for  performing  this 
analysis  In  the  usual  fashion  but  to  remove  the  tedium  of  searching  for 
component  sizes  and  thus  provide  the  capability  for  studying  a wider  range 
of  system  alternatives  than  might  otherwise  be  considered.  It  also  would 
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therefore  permit  determining  the  relative  sensitivity  of  the  systam  to 
changes  in  facility  costs,  project  interest  rates,  assumed  economic 
conditions,  and  hydrologic  performance  standards,  so  that  an  array  of 
information  could  be  easily  developed  that  could  be  used  in  formulating 
a desired  management  plan. 


OPTIMIZATION  TECHNIQUE 


The  grand  strategy  for  developing  the  technique  consisted  of  first 
devising  a computer  simulation  model  for  simulating  the  hydrologic  and 
economic  performance  of  flood  control  systems,  then  structuring  an  auto- 
matic search  procedure  that  would  exercise  the  simulation  model  by  success- 
ively adjusting  the  scales  of  each  component  of  the  system  until  the 
solution  is  found.  When  it  is  decided  to  automatically  determine  the 
best  size  or  the  “best"  anything  in  a mathematical  sense,  a certain 
niinber  of  requirements  iimediately  become  apparent.  The  first  is 
that  "best"  must  be  precisely  and  uniquely  defined  by  an  indicator  or 
index  that  integrates  all  of  the  desired  performance  characteristics 
of  the  system  that  is  being  analyzed.  This  index  is  normally  termed 
the  objective  function.  The  capability  to  automatically  adjust  the 
component  size  within  a feasible  range  and  evaluate  the  performance 
of  the  system  for  the  components  must  also  exist.  The  last  requirement 
is  the  necessity  of  developing  a search  procedure  that  is  as  nearly 
foolproof  as  possible. 

Objective  Functions 

The  plan  formulation  strategy  described  earlier  included  initially 
determining  an  economically  optimum  system  (unconstrained  maximum  net 
benefit)  as  a starting  point  for  determining  a performance  standard  for 
subsequent  analyses.  The  unconstrained  economic  optimim  can  be  charac- 
terized by  an  index  of  the  system  performance  (objective  function)  that 
consists  of  the  sun  of  the  total  annual  system  cost  and  the  total  value 
of  the  system's  expected  annual  flood  damages.  If  we  label  this  the 
total  social  cost  of  flooding,  then  the  objective  is  to  find  the  compo- 
nent sizes  of  the  system  that  results  in  the  minimum  total  value  of 
system  social  cost  of  flooding.  It  can  be  proven  that  the  system  that 
results  in  minimun  total  social  cost  as  defined  above  is  exactly  the 
system  that  will  result  in  the  maximum  value  of  system  net  benefits. 

The  problem  then  is  to  nunerically  perform  the  analysis  to 
accomplish 

n k 

min  (OBJ  FTN)  » z C*  + r AD. 

i*l  j»l  ^ 

where 
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C^-  = equivalent  annual  cost  of  system  component  ^ 

ADj  = expected  annual  damage  at  location  j 

n = number  of  system  components  to  be  optimized 

k = nunber  of  damage  locations  (damage  centers) 

The  second  phase  in  plan  formulation  was  to  determine  the  component 
sizes  that  would  accomplish  the  performance  standard  (degree  of  protec- 
tion) most  efficiently  economically.  The  objective  function  that  was 
developed  for  determining  the  system  that  will  satisfy  the  performance 
standard  while  maximizing  system  net  benefits  to  the  extent  feasible  is: 

n k iQz'Qfl  A 

min  (OBJ  FTN)  » ( E + E AD,-)[( )^  + CNST] 

i=l  ' j=l  ^ A 

where 

C^,  ADj,  n,  k = as  before 

= flow  (stage)  for  target  degree  of  protection 
of  system 

= target  flow  for  target  degree  of  protection 

A,  CNST  = normalizing  constants  and  weights,  usually  .1 
and  1.0,  respectively 

This  function  is  similar  to  the  previous  function  except  that  the  system 
components  are  penalized  whenever  they  result  in  performance  that  is  not 
within  a certain  tolerance  of  the  desired  system  performance  target.  If 
the  flow  (Q2)  is  equal  to  or  less  than  the  target  flows  (Qt)  for  a given 
system  then  for  a constant  CNST  of  1.0  the  objective  function  is  exactly 
the  same  as  the  unconstrained  function.  Providing  a value  of  0.1  for 
the  normalizing  constant  A in  effect  says  that  when  performance  (Q^)  is 
within  10  percent  of  the  target  (Q^)  the  weight  between  the  cost  and  the 
performance  is  the  same.  For  deviations  larger  than  10  percent  the  com- 
ponents are  penalized  at  the  rate  of  the  fourth  power  and  for  deviations 
less  than  10  percent  the  penalty  is  reduced  rapidly.  In  practice,  one 
needs  only  this  objective  function  since  by  setting  CNST  to  1.0  and 
to  a large  value,  the  unconstrained  solution  may  be  found. 

The  objective  function  is  meaningful  only  if  it  is  possible  to  accu- 
rately calculate,  and  have  confidence  in,  the  components  of  the  function. 

For  example,  the  annual  damage  at  a control  point  (ADj)  results  from  economic 
analysis  that  define  the  damage  functions  and  hydrologic  analyses  that 
define  the  exceedence  frequency  relationships.  In  order  that  this  pro- 
cedure be  as  nearly  acceptable  to  Corps  users  as  possible,  the  hydrologic 
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and  economic  analysis  have  been  performed  in  the  computer  simulation 
model  by  approximately  current  state-of-the-art  standards  in  the  Corps. 

The  hydrologic  simulation  is  performed  using  accepted  Corps  proce- 
dures of  subbasin  average  rainfall  analyses,  extraction  of  losses  to 
yield  rainfall  excess  for  individual  subbasins,  and  the  computation  of 
a runoff  hydrograph  from  individual  subbasins  by  use  of  the  unit  hydro- 
graph procedure,  thence  routing  subbasin  hydrographs  for  the  system  by 
application  of  the  usual  hydrologic  routing  procedures  such  as  the 
Muskingam  and  Tatim  methods,  and  then  combining  hydrographs  at  concen- 
tration points.  The  simulation  is  perfoimed  by  the  HEC-1  computer 
program  that  has  been  in  use  by  Corps  hydrologists  for  a nimber  of 
years.  A schematic  of  computations  of  the  hydrologic  runoff  from  a 
complex  basin  is  illustrated  in  figure  1. 

The  economic  calculation  of  the  expected  value  of  annual  damages 
is  performed  using  the  Corps  procedure  of  defining  the  economic  conse- 
quence of  a flood  in  terms  of  damage  functions  that  relate  the  damage 
for  a flood  event  to  the  peak  flow  or  stage,  and  combining  this  func- 
tion with  the  exceedence  frequency  relation  of  peak  flow  or  stage  to 
yield  an  exceedence  frequency  relationship  of  damages.  This  relation- 
ship is  subsequently  integrated  by  numerical  methods  to  yield  the 
expected  value  of  annual  damages.  The  simulation  program  accepts  dam- 
age functions  in  the  form  of  flow  damage  or  stage  damage  relations, 
accepts  exceedence  frequency  functions  in  the  form  of  flow  or  stage 
exceedence  frequency,  develops  from  input  a range  of  hydrologic  runoff 
events  for  the  watershed  so  that  modified  conditions  (with  the  system) 
exceedence  frequency  relationships  at  all  damage  centers  can  be 
developed  and  the  expected  value  of  annual  damages  automatically  com- 
puted within  the  simulation.  Figure  2 illustrates  a schematic  of  this 
procedure  which  is  explained  in  detail  in  Addendun  3 of  the  HEC-1 
Users  Manual  (reference  1). 

The  components  whose  scales  (sizes)  may  be  automatically  deter- 
mined include  detention  storage  reservoirs,  pimping  plants  and  diver- 
sions. 

Storage  Reservoir  Characterization 

The  detention  storage  reservoirs  that  may  be  considered  are  those 
for  which  it  is  possible  to  define  the  operating  characteristics  as  a 
unique  function  of  the  storage  content  within  the  reservoir.  A reservoir 
with  an  uncontrolled  outlet  works  exactly  meets  this  requirement.  Reser- 
voirs that  have  operating  rules  that  are  determined  by  reservoir  storage 
content  also  meet  this  requirement.  To  provide  capability  for  automatic 
adjustment  of  operating  characteristics,  a reservoir  is  characterized 
by  (1)  the  outflow  characteristics  of  a low  level  outlet,  which  is 
defined  by  the  centerline  elevation  of  the  outlet  and  an  orifice  equa- 
tion of  the  fonii: 
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storm  Rainfall 


a.  Subbasin  Hydrograph  (H.G.) 


Subbasin  Hydrograph 


b.  Modelling  Concepts 


I.  Subdivide  basin  into  Subbasins  A, 

B,  C,  D,  E to  acconmodate  Alternatives, 
Damage  Centers  and  Watershed  Hydrology, 

II.  Computation  Sequence 

Compute  Subbasin  H.G.  at  A 
Compute  H.G.  at  B 

Combine  and  Route  to  Reservoir  at  C 
Compute  local  C H.G. 

Combine  and  Route  through  Reservoir 
Compute  H.G,  for  D 
Combine  and  Route  to  outlet 
Compute  local  E H.G. 

Combine 
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Figure  1 

Rainfall-Runoff  Calculations 


Stage 


a.  Expected  Annual  Damage  Computation 


Figure  2 

Flow-Damage-Frequency  Analysis 
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where 


Q = CA  /2g  (H) 


EXP 


C = discharge  coefficient 
A = outlet  area 
H ® head  on  low  level  outlet 
g = acceleration  of  gravity 

EXP  = exponent  dependent  on  tallwater  conditions,  0.5  If  no 
tal Iwater 


and  (2)  the  overflow  characteristics  of  a spillway  which  Is  defined  by 
a weir  equation  of  the  form: 


Q 


where 


C = discharge  coefficient 
L = length  of  spillway 
H*  = head  on  spillway 

and  (3)  the  site  storage  characteristics  which  are  defined  by  an  eleva- 
tion-storage capacity  relationship.  For  an  Index  storage  to  be  optimized, 
which  Is  the  storage  at  the  elevation  of  the  spillway  crest,  the  above 
relationships  are  merged  to  define  the  reservoir's  outflow  as  a function 
of  the  storage  level  1n  the  reservoir  (storage  outflow  function). 

Two  modes  are  possible  for  optimizing  a reservoir.  In  the  usual  mode 
a reservoir  that  can  be  characterized  by  a low  level  outlet  and  an  over- 
flow weir  as  above  will  be  automatically  adjusted  In  Its  Index  storage 
capacity,  along  with  all  other  system  components,  to  achieve  the  minimum 
value  of  the  objective  function.  The  cost  function  for  the  reservoir  In 
the  usual  mode  consists  of  a capital  cost  function  and  an  associated 
capital  recovery  factor  for  converting  the  capital  cost  to  annual  cost, 
and  the  annual  cost  of  operation,  maintenance  and  replacement  expressed 
as  a proportion  of  the  capital  cost.  The  capital  cost  function  Includes 
land  acquisition  and  construction  costs.  Interest  during  construction, 
etc.,  expressed  as  a function  of  the  Index  storage  size  of  the  reservoir. 
The  capital  cost  for  a specific  size  Is  Interpolated  from  this  function 
and  the  equivalent  annual  cost  Is  computed  as  the  product  of  the  capital 
cost  and  the  capital  recovery  factor  for  the  appropriate  discount  rate. 

The  annual  cost  of  operation,  maintenance  and  replacement  Is  the  product 
of  the  annual  cost  proportion  and  the  Interpolated  capital  cost.  The 
total  annual  cost  of  the  reservoir  Is  the  sum  of  these  two  costs. 
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In  Initial  test  applications  of  the  technique  to  the  Blue  Waters 
Ditch  studies  of  the  East  St.  Louis  and  Vicinity  Interior  Flood  Control 
Project,  it  became  apparent  that  for  one  component  the  "reservoir  size" 
that  was  to  be  determined  was  in  actuality  the  lands  that  were  to  be 
acquired  since  the  "reservoir"  embankment  was  sufficiently  high  so  as 
to  contain  all  floods.  The  embankment  was  in  fact  a large  proposed 
highway  fill.  The  flow  of  the  reservoir  would  therefore  pass  only 
through  the  low  level  outlet  and  thus  the  only  variable  to  control  the 
operation  of  the  reservoir  was  the  capacity  of  the  low  level  outlet. 

For  this  particular  situation  a reservoir's  operating  characteristics 
are  specified  uniquely  by  the  outflow  characteristics  of  the  low  level 
outlet  and  the  item  regarding  the  reservoir  that  is  to  be  optimized  is 
the  "size"  of  the  outlet.  The  reservoir  performance  is  characterized  as 
before  except  it  simply  has  no  spillway  and  the  discharge  coefficient  for  the 
low  level  outlet  is  held  constant  and  the  area  of  the  outlet  opening  varied. 
The  cost  characterizations  include  a capital  cost  of  outlet  works  func- 
tion, and  the  reservoir  capital  cost  function  which  would  be  primarily 
the  cost  of  acquiring  the  reservoir  site  for  the  ponding  level  equivalent 
to  a specified  exceedence  probability,  taken  here  as  the  degree  of  pro- 
tection. This  characterization  will  also  be  necessary  for  studying 
systems  for  urban  areas  that  are  protected  by  major  levees,  as  is  typical 
in  many  local  protection  projects  where  pimping  is  necessary  to  remove 
flood  waters  and  the  amount  of  ponding  near  the  pumping  facility  is  a 
function  of  the  size  of  the  pimping  facility. 

Pumping  Plant  Characterization 

A pimping  facility  removes  volume  from  the  system  at  a rate  equal 
to  the  pimping  capacity.  The  performance  characteristics  of  a pimping 
plant  are  defined  by  an  initial  threshold  water  level  at  which  the 
pimp  is  activated  and  the  discharge  capacity  of  the  pimping  facility. 

In  this  analysis,  it  is  assimed  that  water  pumped  from  the  system  does 
not  later  appear  at  other  locations  in  the  system.  The  cost  of  a pimp- 
ing facility  is  computed  from  a capital  cost  function  and  an  associated 
capital  recovery  factor  for  converting  to  equivalent  annual  cost,  the 
annual  operation,  maintenance  and  replacement  cost  that  is  a proportion 
of  the  capital  cost,  and  the  annual  power  cost.  The  power  cost  is 
adjusted  if  the  volime  to  be  pimped  changes  as  the  system  components 
sizes  are  being  optimized.  It  can  be  demonstrated  that  no  matter  the 
pimping  capacity  the  power  costs  would  not  materially  change  if  the 
volime  to  be  pimped  does  not  change.  The  annual  power  costs  are  there- 
fore adjusted  only  for  water  that  is  removed  from  the  system  by  diver- 
sions or  other  pimping  facilities. 

Diversion  Characterization 


A diversion  transfers  flow  between  locations  within  the  system. 
The  performance  characteristics  are  defined  by  a threshold  flow  and 
a diversion  capacity.  The  concept  of  the  diversion  relationship  is 
indicated  in  figure  3.  Water  diverted  may  be  returned  to  the  system 
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at  any  downstream  location  so  that  it  is  possible  to  characterize  facil- 
ities which  would  bypass  a portion  of  flood  flows  around  a damage  center. 
Flow  may  also  be  permanently  diverted  from  the  system.  The  cost  is 
characterized  similar  to  a pumping  plant  by  a capital  cost  function, 
a capital  recovery  factor  and  annual  operation,  maintenance  and  replace- 
ment factor. 


Figure  3 

Diversion  Concept 


THE  SEARCH  PROCEDURE 


The  mathematical  strategy  for  automatically  adjusting  the  component 
sizes  such  that  the  objective  function  can  be  minimized  is  that  described 
previously  by  Beard  in  "Optimization  Techniques  for  Hydrologic  Engineering" 
(reference  2).  The  procedure  is  the  univariate  gradient  procedure  which 
makes  use  of  the  trend  characteristics  of  the  objective  function  for 
selected  small  changes  in  each  component  size.  The  convergence  proce- 
dure used  to  project  the  trend  to  determine  improved  component  sizes  is 
the  Newton-Raphson  convergence  procedure.  The  optimization  methodology 
proceeds  as  follows: 

* First,  trial  sizes  of  all  system  components  are  nominated  and 
the  entire  system  is  simulated  in  all  of  its  hydrologic,  costs, 
and  economic  detail  to  calculate  the  value  of  the  objective 
function,  which  for  unconstrained  optimization  is  the  sum  of 
the  equivalent  annual  cost  and  annual  damage. 
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• Then  the  size  of  one  component  is  decreased  by  a small 
selected  amount  (1  percent)  and  the  simulation  is  repeated 
for  the  entire  system  to  compute  a new  value  of  the  objective 
function.  This  is  repeated  again  resulting  in  three  unique 
values  of  the  objective  function  for  small  changes  in  the 
size  of  one  component. 

• From  these  three  values,  an  estimate  is  made  of  the  component 
size  that  would  result  in  the  minimum  value  of  the  objective 
function.  The  computation  of  the  adjustment  is  illustrated 
schematically  in  figure  4. 

• After  adjustment  of  the  size  of  the  system  component,  the 
entire  system  is  simulated  again  in  detail  to  compute  the 

new  value  of  the  objective  function  and,  provided  the  objective 
function  has  decreased,  the  procedure  then  moves  to  the  second 
system  component  whose  scale  is  to  be  optimized. 

• The  above  procedure  is  repeated  for  the  second  and  all  subse- 
quent components  to  be  optimized. 

• A single  adjustment  has  now  been  made  for  each  component  for 
one  complete  search  of  the  system  component  sizes. 

• This  procedure  is  then  repeated  for  four  more  complete  system 
searches  and  concludes  by  adjusting  a few  additional  times, 
those  components  that  are  making  the  greatest  contribution  to 
decreasing  the  objective  function. 

• The  procedure  is  terminated  when  either  no  more  improvement 
in  the  objective  function  can  be  made  (within  a tolerance)  or 
the  complete  search  cycle  is  completed. 

The  efficiency  of  the  search  procedure  (see  figure  4)  and  the  degree 
of  success  in  determining  the  optimun  sizes  for  the  components  is  a func- 
tion of  the  behavior  of  the  objective  function.  If  the  objective  function 
varies  erratically  with  small  adjustments  in  the  component  scales,  chances 
of  finding  a unique  optimun  are  less  than  with  an  objective  function  that 
varies  regularly  (termed  well-behaved).  Results  of  applications  to  date 
suggest  that  the  objective  functions  are  reasonably  well-behaved  and 
that  unique  answers  do  in  fact  come  out  of  the  procedure.  It  should  be 
noted,  however,  that  this  particular  methodology  (univariate  gradient 
procedure)  does  not  mathematically  guarantee  that  the  true  optimun 
(global  optimun)  is  achieved.  All  that  can  be  stated  is  that  the  system 
that  is  derived  out  of  this  procedure  will  perform,  as  indicated  by  the 
objective  function,  better  than  the  system  that  was  initially  specified. 
Applications  to  date  indicate  that  the  procedure  arrives  at  very  nearly 
the  optimun  values  for  a range  of  starting  values.  A stu((y  methodology 
that  considers  that  local  optima  may  occur,  such  as  testing  a few  start- 
ing values,  would  be  appropriate. 
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Slope  of  Obj.Ftn.-f (X)  -►  Obj.  Function-f (X) 


(Xo.  f{Xo) 

(Xo-AX.  f(Xo-AX)) 
(Xo-2aX,  f(Xo-2AX)) 


Xq  = present  size  of  component  X 
Xp  = projected  "new"  size  for  X 


Slope  of  f'(X)  at  Xq  ” ^ ® f''(X) 

Slope  = f"(X)  = (Xn-Xo)  / (f'(X)) 

7 - y - _ AX 

f(Xo)  = (f(Xo)-f(Xo-AX))/AX 

f"(Xo)  = (f(Xo-2AX)-2f(Xo-AX)+f(Xo))/AX2 


Figure  4 

Convergence  Procedure 


APPLICATION  TO  AN  URBAN  FLOOD  CONTROL  PROJECT 


The  development  of  the  technique  and  the  progratimi ng  of  it  into  the 
computer  program  HEC-1  was  requested  by  the  St.  Louis  District  for  use 
in  plan  formulation  studies  for  the  Harding  Ditch  component  of  the  East 
St,  Louis  and  Vicinity,  Interior  Flood  Control  Project.  The  District 
desired  a technique  that  would  enable  automatically  determining  the 
scales  of  flood  control  system  components  comprising  three  to  four 
reservoirs,  a diversion  and  one  to  two  pumping  plants.  The  development 
work  had  proceeded  well  so  that  when  it  became  necessary  for  the  District 
to  perform  additional  analysis  of  a component  of  the  project  that  had 
previously  been  studied,  an  application  of  the  technique  was  undertaken 
to  assist  the  studies  and  provide  for  testing.  The  area  studied  was 
the  Blue  Waters  Ditch  component  of  the  project  which  encompasses  approxi- 
mately 9,000  acres  of  the  American  Bottoms  area.  Figure  5 is  a schematic 
of  the  system. 
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Previous  studies  had  defined  two  detention  storage  sites  and  a pumping 
facility  as  potential  system  components.  The  technique  was  applied  to 
determine  the  best  size  of  the  pumping  facility  and  detention  storage 
areas  for  a range  of  storage  site  characteristics,  interest  rates, 
assumed  economic  conditions  and  performance  standards.  A major  objec- 
tive was  to  determine  the  sensitivity  of  the  component  scales  to  assumed 
flood  plain  land  use  controls.  This  was  accomplished  by  optimizing  for 
no  target  degree  of  protection  and  economic  flow-damage  functions  prepared 
for  damage  potential  as  it  exists  in  1973,  then  optimizing  for  economic- 
flow-damage  functions  reflecting  (a)  uncontrolled  future  growth,  and  then 
(b)  repeating  the  optimization  for  a reasonably  controlled  future  growth 
compatible  with  the  flood  control  system.  Optimization  was  then  repeated 
for  a target  degree  of  protection  of  100-year  return  period.  The  sensi- 
tivity of  the  system  to  detention  site  characteristics  was  examined  by 
altering  the  reservoir  elevation-storage  and  reservoir  storage-cost 
functions  and  optimizing.  The  sensitivity  to  the  project  interest  rate 
was  examined  by  optimizing  one  of  the  previously  studied  conditions  for 
three  interest  rates. 

The  results  of  the  studies  are  preliminary  and  should  be  considered 
as  a test  application  of  the  methodology  rather  than  the  final  results 
of  the  formulation  studies  for  Blue  Waters.  The  studies,  however,  were 
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a real  component  of  the  plan  formulation  and  evaluation  strategy  and  the 
results  presented  in  Table  I are  not  a selected  case  study.  The  solu- 
tions were  sufficiently  promising  that  design  will  probably  ensue  based 
on  the  analysis  performed.  Table  I presents  a summary  of  results  of 
selected  optimization  runs.  An  important  revelation  from  this  applica- 
tion was  that  it  is  possible  to  quantitatively  determine  the  effect  of 
a number  of  interesting  system  conditions,  such  as  land  use  controls. 

Also,  the  range  of  component  sizes  that  are  optimum  under  a variety  of 
assumed  conditions  was  surprisingly  (pleasantly)  limited  in  most  instances 
so  that  considerable  confidence  was  developed  in  system  component  scales. 
The  studies  indicated  a meaningful  role  for  land  use  controls  as  a compo- 
nent of  an  urban  flood  control  system  and,  to  a limited  extent,  its  con- 
tribution quantified  and  its  role  explicitly  evaluated. 

No  additional  development  work  is  contemplated  before  the  technique 
is  applied  to  the  Harding  Ditch  area.  It  should  be  possible  in  the 
Harding  Ditch  study  to  further  test  the  methodology  as  to  its  value  in 
plan  formulation  and  evaluation  studies.  If  the  results  of  the  initial 
rather  hurried  application  in  the  Blue  Waters  Ditch  plan  formulation 
studies  are  an  indication  of  its  utility,  it  will  have  considerable 
value  in  studies  where  a range  of  alternative  systems  with  a nunber  of 
components  are  to  be  studied. 


INPUT  REQUIREMENTS  AND  RESULTS 


The  methodology  has  been  designed  to  be  consistent  with  plan  formu- 
lation strategies  in  use  by  Corps  offices  that  are  studying  urban  flood 
control  and  major  drainage  projects.  The  methodology  is  in  fact  not 
limited  to  urban  flood  control  studies  and  is  equally  applicable  to 
other  flood  control  studies  for  which  the  assumptions  of  the  operating 
characteristics  of  storage  reservoirs,  pumping  and  diversions  apply. 

The  technique  provides  a means  of  assisting  studies  so  that  study  effort 
can  be  focused  on  a wide  range  of  alternatives.  The  information  needed 
to  apply  the  technique  is  essentially  no  different  than  the  usual  pro- 
cedures used  in  Corps  of  Engineers  flood  control  plan  formulation  studies. 

Data  Requirements 


The  level  of  data  refinement  needed  to  model  the  rainfall -runoff 
response  of  the  basin,  characterize  the  operation  of  system  components, 
compute  system  costs  and  perform  economic  damage  computation  can  vary 
but  should  be  at  least  feasibility  level.  The  hydrologic  data  required 
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PT  - performance  target,  NS  - natural  storage, 

;S  = i.iOuified  storage,  tF  = existing  land  use  for  future 


are  the  subbasin  breakdown  and  areas,  precipitarion  for  each  subbasin 
for  a representative  storm,  unit  hydrograph,  loss  rates,  and  base  flow 
recession  for  each  subbasin,  streamflow  routing  criteria  for  each 
channel  reach,  and  reservoir  routing  criteria  for  all  reservoirs. 
Exceedence  frequency  relations  for  each  damage  center  for  existing 
conditions  must  be  developed  and  provided. 

The  system  cost  functions  require  tabulation  of  capital  costs  for 
a range  of  facility  sizes,  the  capital  recovery  factor  for  each  facil- 
ity, the  annual  operation,  maintenance  and  replacement  costs,  power 
costs  and  costs  of  any  fixed  facilities  (not  considered  variable)  to 
be  included. 

The  economic  functions  required  are  flow-damage  or  stage-damage 
relationships  for  each  damage  center.  The  functions  must  capture  all 
economic  consequences  of  a flood  event  and  should  be  present  worth  for 
the  assumed  future  conditions.  A number  of  damage  functions  should  be 
prepared  representative  of  a range  of  assumed  future  conditions.  The 
study  of  nonstructural  measures  requires  manipulation  of  the  damage 
functions,  for  instance  flood  proofing  measures  are  reflected  by  dis- 
placing a portion  of  the  damage  function  within  the  elevation  range 
that  flood  proofing  is  considered. 

As  might  be  expected,  when  a tool  becomes  available  that  provides 
expanded  capability  there  is  the  tendency  to  attempt  to  more  precisely 
define  the  hydrologic  and  economic  performance  than  would  be  done  other- 
wise. For  example,  in  the  usual  study  procedure,  two  damage  centers 
might  be  used  as  index  points  for  a reach  of  stream  whereas  with  the 
capability  available  herein  twice  that  many  damage  centers  might  be 
used  and  this  generates  additional  study.  The  fault  is  probably  more 
in  the  application  than  in  the  tool  itself;  although,  it  seems  to  be  a 
very  real  situation  in  the  present  age.  An  ever,  stronger  urge  seems 
to  arise  to  answer  more  "what  if"  questions.  While  this  is  somewhat  the 
objective  of  a technique  like  this  one,  the  urge  shoulo  oe  at  least 
mildly  resisted. 

Development  of  general  performance  and  cost  functions  for  the 
system  components  requires  additional  analysis.  In  a study  that  is 
of  necessity  not  considering  a wide  range  of  component  sizes,  a single 
or  perhaps  two  detailed  cost  estimates  might  be  developed.  For  the 
optimization  methodology,  cost  functions  that  relate  to  component  size 
are  needed  which  requires  a different  philosophy  of  cost  estimating. 
General  cost  functions  are  needed  initially  and  the  detailed  cost  esti- 
mates deferred  until  approximate  component  scales  have  been  determined 
by  the  studies.  The  generalized  reservoir  performance  characteristics 
require  additional  hydraulic  analysis  to  develop  preliminary  sizes  for 
outlet  works  and  spillways. 
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The  information  output  from  the  application  of  this  methodology 
^ould  if  not  carefully  controlled  by  a pragmatic  study  procedure, 
engulf  the  analyst.  The  technique  provides  the  capability  to  “what 
if"  a great  number  of  items  that  probably  would  not  be  otherwise 
analyzed.  Tools  of  this  kind  should  of  course  be  applied  to  conduct 
sensitivity  analysis  but  within  reason  so  that  only  information  useful 
in  the  planning  study  is  generated.  It  is  worth  emphasizing  here  that 
all  analysis  tools,  and  in  particular  computerized  methodology,  have 
as  their  primary  function  the  generation  of  infonnation  that  will  be  of 
use  in  decision-making;  not  removing  any  decis"' on-making  requirements 
from  the  planning  function.  Data  is  not  necessarily  information. 

The  outputs  of  a system  optimization  for  a set  of  system  components, 
performance  cost,  and  economic  functions  are: 

1.  The  scale  (size)  for  each  component  of  the  system. 

2.  Complete  hydrologic  simulation  of  the  entire  system. 

3.  Economic  expected  annual  damage  analysis  for  each  damage 
center  in  the  system. 

4.  Costs  for  each  component  of  the  system. 

5.  A system  sinmary  of  cost,  performance  and  system  net  bene- 
fits. 

Figure  6 is  an  example  of  output  from  an  optimization  run. 

Resources  and  Costs 


The  Blue  Waters  Ditch  analysis  provides  some  insight  into  the  man- 
power requirements  and  computer  costs  of  applying  this  technique.  For 
this  study  the  information  had  been  previously  developed.  The  primary 
effort  was  to  assemble  the  hydrologic  data  of  loss  rates,  unit  hydro- 
graphs, routing  criteria,  etc.,  economic  flow  damage  information  for 
the  damage  centers  and  cost  relationships  in  a form  acceptable  to  the 
computer  program.  The  specific  studies  were  processed  and  information 
analyzed  as  the  results  became  available.  There  were  nine  damage 
centers  within  the  basin;  nine  storage  areas,  two  of  which  were  vari- 
able in  size;  and  one  punping  facility.  The  data  preparation  for 
the  processing  required  about  a man-week  on  the  part  of  each  of  a 
hydrologist,  economist  and  water  resources  planner.  The  detail  process- 
ing and  interaction  for  the  studies  required  about  another  week's  time 
of  each  of  these  individuals.  The  computer  time  associated  with  pro- 
cessing a run  was  not  trivial.  Efficient  processing  for  a complex 
system  such  as  Blue  Waters  requires  a large  capacity  high  speed  com- 
puter. Even  though  computer  execution  times  are  rather  meaningless 
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Figure  6 (cont'd) 
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(l.'Njri  S*Me  AS  INPUT  » NOHMALLY  lOOO'S  Of  OOILAHS) 


since  they  are  unique  to  specific  computer  and  optimization  problems, 
the  following  computer  resources  used  for  Blue  Waters  might  be  of 
interest.  To  process  a given  system  configuration  to  determine  the 
optimum  size  of  each  of  three  components  optimized  and  output  of  the 
results  required  15  minutes  of  accounting  unit  equivalents  on  a CDC 
7600  computer  and  resulted  in  costs  that  ranged  between  $30  and  $50 
per  computer  run.  The  actual  execution  time  ranged  between  1.5  and 
2.0  minutes  but  a great  amount  of  input-output  and  system  storage  were 
required.  The  study  results  were  generated  by  about  12-15  successful 
computer  runs. 


SUMMARY  AND  CONCLUSIONS 


A technique  has  been  developed  and  programmed  into  HEC-1  that 
automatically  determines  the  sizes  of  urban  flood  control  system  com- 
ponents that  results  in  maximizing  total  system  net  benefits  subject 
to  accomplishment  of  performance  targets.  The  system  is  described  by 
hydrologic  data,  component  performance  and  cost  functions  and  flow 
damage  information  for  damage  centers.  The  system  components  that  may 
be  optimized  include  detention  storage  reservoirs,  pumping  and  diver- 
sion facilities.  Initial  applications  suggest  that  the  technique  has 
considerable  value  in  urban  flood  control  plan  formulation  and  evalua- 
tion studies. 
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INTROIXCTION 


Since  enactment  of  recent  legislation,  the  Federal  planner  has 
broadened  the  scope  of  his  planning  to  include  the  environmental  and 
social  effects  of  his  plans  in  addition  to  the  traditional  economic 
and  engineering  considerations.  The  trend  toward  more  corprehensive 
planning  and  a greater  enphasis  on  the  noneconomic  effects  induced  by 
alternative  plans  can  be  expected  to  increase  in  the  future.  To  fully 
exploit  the  potential  of  effects  assessment,  it  will  be  necessary  to 
begin  early  in  the  planning  process  while  technical  solutions  are  still 
at  the  conceptual  stage  and  use  the  results  in  developing  the  alternative 
plans  rather  than  to  wait  until  the  plans  are  almost  coin)lete  and  then 
try  to  determine  what  the  overall  effects  will  be. 


Purpose 


In  order  to  be  fully  integrated  into  the  planning  process,  the 
method  chosen  to  assess  and  analyze  effects  must  (1)  be  relatively  easy 
to  use;  (2)  provide  output  quickly;  and  (3)  respond  to  varying  degrees 
of  data  confidence.  This  paper  describes  an  approach  built  around  a 
time-sharing  simulation  program  which  atteirpts  to  meet  these  criteria. 


Definitions 

Throughout  this  paper,  the  following  definitions  apply; 

Parameter:  A cwiponent  of  man's  environment  which,  when  changed, 
directly  contributes  to  or  detracts  from  the  accOTiplishment  of  a 
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planning  objective  or  quality  of  life.  Paranteters  are  qualitative 
in  nature  and  not  measurable  directly.  This  is  the  level  at  which 
people  establish  priorities;  for  exanple,  they  generally  prefer  air 
vdiich  is  clear  and  free  of  smog,  contains  no  unpleasant  odors  or 
substances  which  are  detrimental  to  health,  and  does  not  contain 
excessive  particulates;  they  are  not  interested  in  specific  con^xjnent 
concentrations,  only  in  their  effects.  The  public  may  be  willing  to 
trade  degradation  of  one  parameter  for  gains  in  another.  The  degree 
of  willingness  to  trade  is  expressed  in  relative  priorities. 

Indicator:  A conponent  of  a parameter  \diich  is  often  measurable  and 
expressible  in  quantitative  terms.  Changes  in  the  indicator  can  be 
predicted  by  examining  the  physical  structures  and  processes  involved 
in  a plan.  The  planner  may  then  use  these  changes  to  estimate  changes 
in  a parameter.  Exanples  of  indicators  of  air  quality  idiich  are 
quantifiable  are:  particulate,  SO,,  CO,  and  NO  concentrations . Other 
indicators,  such  as  odor,  cannot  be  quantified,^ut  they  can  be  described 
in  qualitative  tenns  and  their  effects  predicted. 


The  following  assmptions  are  inplicit  in  this  approach: 

• The  purpose  of  the  analysis  is  to  provide  a relative  measure 
of  net  change  in  some  function;  for  exanple,  social  well-being  or 
environmental  quality. 

• The  function  can  be  modeled  in  terms  of  definable  parameters. 

• The  transfer  function  between  changes  in  the  parameters  and 
changes  in  the  function  can  be  approximated  by  some  form  of  svnmation 
process . 

• The  effect  produced  by  a change  in  a parameter  is  a function  of 
the  magnitude  of  the  change  and  the  perceived  or  measured  inportance  of 
the  parameter. 


DESCRIPTION  OF  IHE  APPROACH 


Parameter  Selection  and  Definition 

The  selection  and  definition  of  the  parameters  to  be  used  are 
critical  to  the  success  of  this  aj^roach.  Referring  to  the  basic 
definition  of  a parameter,  you  will  recall  that  it  represents  an 
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unmeasurable  attribute  of  the  function  under  evaluation,  although 
there  may  be  measurable  indicators  which  predict  changes  in  it. 

One  of  tlie  basic  problems  in  inpact  assessment  today  is  the  inability 
to  rigorously  synthesize  all  the  predicted  changes  in  the  indicators 
into  some  meaningful  conclusion  about  what  the  net  effect  of  a plan 
will  be.  Anyone  who  has  studied  a typical  cause-effect  linkage 
diagram  on  even  a relatively  minor  project  can  eppreciate  this 
problem.  Given  the  current  state  of  the  art,  this  synthesis  can 
best  be  acconplished  by  applying  professional  judgment.  One  of  the 
roles  of  the  parameter  is  to  provide  an  area  of  focus  on  which  an 
evaluator  can  exercise  his  judgment.  A second  function  is  to  provide 
a means  for  the  public  to  express  its  priorities. 

The  first  step  in  applying  this  procedure  is  to  identify  and 
define  the  parameters  to  be  used  in  the  evaluation.  It  is  inportant 
that,  when  the  definitions  of  all  the  parameters  are  combined,  the 
function  under  evaluation  is  described  as  fully  as  possible,  even 
though  no  change  may  be  anticipated  in  several  of  them.  During 
field-testing,  it  was  determined  that  the  social  well-being  function 
could  be  adequately  described  with  as  few  as  6 parameters  or  as  many 
as  22,  depending  on  how  incliisive  each  parameter  definition  was.  It 
was  also  discovered  that,  when  6 parameters  were  used,  the  focus  was 
not  narrow  enough  for  the  team  to  draw  conclusions  with  an  acceptable 
degree  of  confidence;  and  22  parameters  were  unmanageable  becaiise  the 
focus  was  too  narrow.  The  nimber  finally  selected  was  12,  which 
provided  sufficient  focus  for  meaningful  evaluation,  while  providing 
parameter  definitions  which  were  broad  enough  to  allow  synthesis. 

The  number  of  parameters,  their  names,  and  their  definitions  will 
vary  depending  on  the  function  being  evaluated  and  the  individual 
or  individuals  performing  the  evaluation. 

A parameter  is  most  easily  defined  in  the  form  of  a series  of 
questions  and  conditions.  It  may  also  specify  aspects  which  are  not 
included.  An  exanple  of  what  a parameter  labeled  "Enployment"  might 
look  like  in  a function  to  evaluate  social  well-being  is  as  follows: 

• Will  the  plan  create  jobs  or  stimulate  the  creation 
of  jobs  commensurate  with  the  locally  available  work 
force? 

• Will  these  jobs  caiise  workers  to  move  tp  the  enploy- 
ment ladder  into  more  satisfying  jobs? 

• Will  there  be  jobs  created  at  the  entry  level  \diich 
would  be  filled  by  unenployed  people  from  the  region? 

• If  the  jobs  created  will  be  filled  by  imported  labor, 
they  will  not  be  credited  as  an  improvement  in  this 
parameter. 
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• Increases  in  income  will  be  credited  to  an  economic 
parameter. 

The  above  exanple  is  given  for  illustrative  purposes  only.  The 
exact  scope  of  this  parameter  would  be  determined  by  the  others  used 
in  the  evaluation.  It  should  be  noted  that  these  parameters  are  not 
study-,  plan-,  or  area- dependent. 


Assessment  of  Public  Priorities 


Once  the  parameters  have  been  identified  and  defined,  it  will  be 
necessary  to  determine  how  much  degradation  in  one  parameter  the  public 
is  willing  to  trade  for  a gain  in  an  other.  There  are  several  methods 
for  measuring  public  priorities,  which  are  discussed  at  length  in  the 
literature  including:  expert  opinion,  seminars,  workshops,  public 
surveys,  and  surveys  of  elected  officials.  With  care,  any  of  these 
techniques  can  produce  valid  results,  and  selection  of  the  particular 
method  of  measurement  is  left  to  the  reader.  The  irportant  considera- 
tion is  that  the  relative  priority  assigned  each  of  the  parameters 
reflect  the  affected  public's  attitudes.  A method  which  relies 
heavily  on  public  input  will  have  the  added  advantage  of  greater 
surface  validity.  At  the  conclusion  of  this  assessment,  each  parameter 
should  be  paired  with  a priority  score  vdiich  reflects  its  inportance 
relative  to  the  other  parameters.  It  is  not  necessary  to  have  the 
scores  add  to  any  particular  number  or  to  be  within  a specific  range 
because  they  will  be  normalized  by  the  program  which  will  perform  the 
analysis.  The  priorities  so  developed  will  be  area- dependent  but  not 
study-  or  pi an -dependent. 


Identification  of  Potential  Inroacts 


As  soon  as  conceptual  plans  are  identified  for  consideration,  the 
process  of  identifying  potential  inpacts  can  begin.  By  examining  thb 
structural  features  and  processes  involved  in  each  potential  plan, 
the  evaluator  can  begin  identifying  potential  cause-effect  linkages 
between  the  plan  conponents  and  the  parameters.  Once  this  is 
acconplished,  it  will  be  necessary  to:  (1)  select  the  indicator  to 
be  used;  (2)  determine  which  of  these  are  to  be  quantified,  the  level 
of  qiiantification  required,  and  the  measurement  technique  necessary 
to  achieve  this  level  of  quantification;  and  (3)  select  a procedure 
for  evaulating  those  indicators  which  will  not  be  quantified. 


i 
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Assessment  of  Inpact  Magnitude 


Predicted  changes  in  the  indicators  are  used  to  produce  three 
estimates  of  the  magnitude  of  the  change  each  alternative  plan  will 
induce  in  each  parameter.  The  change  is  estimated  between  the  plan 
under  consideration  and  a projected  base  line  rather  than  between 
the  plan  and  existing  conditions.  The  estimates  required  are  of  the 
two  limits  of  the  interval  which  contains  all  probable  inpacts  and 
the  expected  inpact.  The  width  of  the  range  is  an  expression  of 
data  confidence.  These  estimates  are  converted  to  numeric  scores  by 
translating  the  appropriate  subjective  description  to  its  numeric 
equivalent,  using  a scale  similar  to  Figure  1. 

The  method  selected  for  assessing  inpact  magnitudes  will  depend 
on  the  resources  available  and  the  purpose  of  the  assessment.  The 
conplexity  of  the  process  may  range  from  one  evaliaator*s  expert 
opinion  to  a structured  groip  evaluation.  Several  evaluations 
enconpassing  the  full  range  of  conplexity  may  be  enployed  during  a 
single  study. 

A structured  approach,  which  is  recomnended,  enploys  the  entire 
multidisciplinary  study  team  augmented  by  outside  expertise,  if 
required.  In  addition  to  the  active  evaluators,  an  individual  well 
versed  in  the  method  should  act  as  moderator.  The  moderator’s  function 
is  to  manage  the  assessment,  consolidate  individual  assessments,  and 
insure  that  proper  focus  and  perspective  is  maintained  during  discussions. 

The  team  is  assembled  by  the  moderator,  and  the  alternative  plans 
are  discussed;  inportant  linkages  identified;  and  anticipated  changes 
in  the  indicators  described.  After  the  team  disperses,  the  members 
independently  score  each  parameter  for  each  alternative  plan  and  give 
the  scores  to  the  moderator.  The  moderator  identifies  those  areas  of 
general  agreement  and  disagreement.  The  team  is  reasseniiled  and  the 
moderator  notes  those  areas  of  general  agreement  and  proceeds  to 
discuss  individual  parameters  where  there  is  disagreement.  Team 
members  explain  their  reasons  for  the  score  they  assigned  and  attempt 
to  determine  if  the  disagreement  results  from  lack  of  confidence  in 
the  input  data  or  from  differences  in  the  treatment  of  the  data.  The 
team  then  disperses  again  and  each  member  rescores  the  parameters. 

The  monitor  collects  the  second  set  of  evaluations  and  examines  it 
for  convergence.  It  is  not  necessary  that  the  convergence  be  on  a 
single  point;  only  that  a range  be  identified  which  is  acceptable 
to  the  team.  The  extremes  of  this  range  provide  the  high  and  low 
estimates,  and  the  mode  of  the  estimates  is  used  to  provide  the 
expected  value.  This  process  is  repeated  until  acceptable  convergence 
is  achieved.  The  moderator  uses  the  results  of  the  final  evaulation 
to  prepare  the  input  data  for  the  program. 


no 


Sanple  Assessment  Scale 


Use  of  the  Computer  Program 


Using  an  interactive,  time- sharing  program,  the  assessment 
information  described  above  is  loaded  onto  a computer  file.  This 
file  is  used  as  the  input  for  the  evaluation  program.  The  following 
is  a brief  description  of  the  simulation  process: 

• The  parameter- importance  factors  are  normalized  to  sum  to 

one. 

• Each  alternative  is  evaluated  independently: 

0 The  three  inpact  scores  are  used  to  define  a triangular- 
frequency  distribution  for  each  parameter. 

o The  frequency  distribution  is  expressed  as  a cumulative- 
distribution  function  (CDF) . 

o One  hundred  random  numbers  are  generated  for  each  parameter. 
These  are  converted  to  trial  inpact  scores  by  relating  them  to  the  CDF. 

o The  trial  impact  scores  are  used  to  conpute  the  trial 
parameter  score  using  the  function: 


where : 


I.M., 
1 jk 


is  the  trial  parameter  score  for  parameter  j and  trial  k. 

Ij  is  the  inportance  factor  for  parameter  j. 

is  the  magnitude  of  the  change  predicted  in  parameter  j 
during  trial  k. 


= 1.99546^-1  forX>0 
= -(1.99546'^) +1  forX<0 


X is  the  trial  impact  score  provided  by  the  simulation. 


The  exponential  form  of  M^i,  was  chosen  to  correspond  to  the  scale 
illustrated  in  Figure  1.  •^Qn  that  scale,  a score  of  -1  represented 
an  inpact  which  would  be  barely  perceptible,  vdiile  a score  of  -6 
represents  a situation  where  the  conmunity  would  become  highly 
mobilized.  Obviously,  six  parameters  which  had  inpacts  estimated 
to  be  at  level  -1  would  not  have  a net  effect  as  intense  as  one 
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parameter  with  a -6  iii5)act.  By  using  the  scores  as  exponents  instead 
of  adding  them  directly,  the  problem  of  a series  of  minor  inpacts 
becoming  equivalent  to  a major  inpact  is  avoided.  The  base  of 
1.99546  causes  the  expanded  scale  to  have  a range  from  -1,000  to 
+1,000,  and  the  ^1  causes  the  function  to  be  continuous  through  0. 
This  form  was  derived  during  the  initial  testing  and  may  require 
some  adjustment  as  a result  of  more  extensive  use. 

o The  mean  and  upper  and  lower  95-percent  confidence  limits 
are  conputed  for  each  parameter. 

o One  hundred  trial  inpacts  are  conputed  according  to: 


where : 

is  the  net  inpact  for  trail  k. 
n is  the  total  number  of  parameters  under  evaulation. 

o The  trial-net  inpacts  are  used  to  conpute  the  mean  or 
expected  net  impact  and  ipper  and  lower  95-percent  confidence  limits. 

0 A sanple  of  15  of  the  trial  net  impacts  is  taken  and  saved 
for  later  use. 

o After  necessary  sorting,  the  alternative  evaluation  is 
printed. 

• After  all  the  alternatives  have  been  evaluated,  they  are  sorted 
by  expected  net  impact  and  the  sanples  saved  above  are  used  to  conduct 
a ranked-sum  significance  test  (Snedecor,  1956,  pg  117)  to  determine 
if  discrimination  is  possible  between  the  net  inpacts  of  the  alterna- 
tives. This  information  is  printed,  conpleting  the  run. 


Program  Output 


An  example  of  the  program  output  for  one  alternative  is  contained 
in  Figure  2.  The  first  line  is  the  title  of  the  run  and  the  second 
line  is  the  alternative  under  evaluation.  The  next  three  lines  are 
self-explanatory,  except  to  point  out  that  they  are  on  a scale  extending 
from  plus  to  minus  1,000.  The  numbers  are  useful  for  conparing  the  net 
effects  of  alternatives  within  a single  conputer  run  only.  The  numeric 
data  are  followed  by  a verbal  interpretation. 
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EXAMPLE  OP  PHOGRAM  OUTPUT  FOR  ONE  ALTERNATIVE 


ALT  A1 


THE  EXPECTED  NET  IMPACT  OF  THIS  ALTERNATIVE  10.  1 

THE  LOVER  95S  CONFIDENCE  LIMIT  IS 

THE  UPPER  9SX  CONFIDENCE  LIMIT  IS  £5*9 

THE  EXPECTED  NET  IMPACT  IS  JUDGED  TO  BE  MODERATELY  BENFFICIAL 
THE  PhOBABLE  RANGE  IS  FROM  SLIGHTLY  ADVERSE 

TO  moderately  beneficial 


PARAMETERS  VITH  POSITIVE  SENSITIVITY  INDEXES 


PARAMETER  NAME  SENSITIVITY 

INDEX 


PUBLIC  FAC*  4 SERV  1*7 

EMPLOYMENT  19*6 


SIGNIFICANT  CONTRIBUTIONS  TO  THE  EXPECTED  NET  IMPACT  (WEIGHTED) 


PARAMETER  NAME  IMPACT 

HIGHLY  BENEFICIAL 

NONE 

MODERATELY  BENEFICIAL 


EMPLOYMENT  10*9 

SLIGHTLY  BENEFICIAL 

INCOME  3*6 

DESIRABLE  GROWTH  2*1 

AIR  QUALITY  0*8 

COMM*  STABILITY  0*3 

CULT*  4 RECREATION  0*3 


PARAMETER  NAME  IMPACT 

HIGHLY  ADVERSE 

MODERATELY  ADVERSE 


PUBLIC  FAC*  4 SERV  7*5 

SLIGHTLY  ADVFrSF 

EDUCATION  0.7 

COMM*  COEHESION  0*3 

AESTHETICS  0*1 


MODERATE  AND  HIGH  IMPACTS  ON  PARAMETERS  (UNWEIGHTED) 


***  BENEFICIAL  *** 
PARAMETER  NAME 


MODERATE  IMPACT 
EXPECTED  POTENTI AL 


AIK  QUALITY 
EMPLOYMENT 
COMM.  STABILITY 
DESIRABLE  GROWTH 
I NCOME 
HOUSING 

CULT*  4 RECREATION 


HIGH  IMPACT 
EXPECTED  POTENTIAL 


•••  ADVERSE  ••• 
PAHAMETER  NAME 


AESTHETICS 
COMM*  COCHESION 
PUBLIC  FAC*  4 SERV* 
HOUSING 
EDUCATION 


MODERATE  IMPACT 
DtPECTED  POTENTIAL 


HIGH  IMPACT 
EXPECTED  POTENTIAL 


SAMPLE  ALTERNATIVE  EVALUATION 
Figure  2 
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The  discussion  of  the  section  on  sensitivity  indexes  will  be 
deferred  until  later. 

The  next  section  is  a sorted  parameter  list  groined  by  category 
according  to  each  parameter's  contribution  to  the  expected  net 
impact.  The  figures  displayed  are  weighted  according  to  the 
relative  importance  of  each  parameter.  The  boundaries  between  the 
categories  and  the  limits  of  the  parameter  scale  are  based  on  the 
input  data.  The  shape  of  the  scale  is  consistent  with  the  net 
impact  scale  and  is  constant  throughout  a single  run. 

Ihe  scale  limits  are  set  by  taking  the  highest  normalized 
parameter  weight  and  multiplying  it  by  1,000,  which  determines  the 
highest  value  any  parameter  can  achieve.  A base  is  then  conputed 
by  taking  the  tenth  root  of  this  value.  The  boundaries  between  slight 
and  moderate  and  moderate  and  high  are  then  conputed  according  to  the 
formulas  previously  given  for  substituting  the  new  base  for 

the  original  1.99546  and  three  and  seven,  respectively,  for  the 
exponents.  Scores  which  fall  below  0.05  are  considered  insignificant. 

The  final  section  of  the  output  identifies  those  parameters  \diich 
have  expected  or  potential  moderate  or  high  inpacts,  regardless  of 
the  inportance  of  the  parameter. 

Figure  3 shows  the  results  of  a discrimination  test  in  an  evaluation 
containing  three  alternatives.  Most  of  the  output  is  self-explanatory, 
except  the  area  underlined  on  the  right.  The  "3's"  which  appear  next  to 
Alternatives  B and  A indicate  that  their  net  inpact  is  statistically 
indistinguishable,  at  the  95-percent  confidence  level,  from  the 
alternative  in  rank  position  three;  in  this  case.  Alternative  C.  They 
are,  however,  distinguishable  from  each  other,  l^at  this  means  to  the 
user  is  that  no  choice  should  be  made  between  Alternatives  B and  C or 
A and  C,  based  on  their  net  inpacts. 

FIGURE  3 

DISCRIMINATION  TEST 


DENtWSTRATION  OF  DISCRIMINATia'J  TEST  OUTPUr  - 3 ALTERNATIVES 


TENTATIVE 

RANK 

NAME 

EXPECTED 

IMPACT 

INSUFFICIENT  CONFIDEI'ICE  TO  DISTINGUISH 
BETWEEN  RANK  #(S) 

1 

ALT  B 

7.2 

3 

2 

ALT  A 

5.0 

3 

3 

ALT  C 

4.4 
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The  lack  of  discrimination  between  two  alternatives  will  result 
from  one  or  both  of  the  following  conditions: 


• The  individual  in^jacts  of  the  two  alternatives  may  be  so 
similar  that  no  degree  of  data  refinement  will  allow  discrimination. 

In  this  case,  the  selection  between  these  alternatives  should  be 
based  on  some  criterion  other  than  the  one  used  in  this  particular 
analysis. 

• Lack  of  discrimination  resulted  from  a lack  of  confidence  in  the 
individual  assessment  of  inpact  magnitude  for  one  or  more  parameters. 
The  degree  of  confidence  in  the  data  is  expressed  by  the  range  between 
the  high  and  the  low  assessments.  In  this  case,  it  may  be  possible  to 
achieve  discrimination  by  further  data  refinement.  The  purpose  of  the 
sensitivity  index  contained  in  the  alternative  analysis  (Figure  2)  is 
to  identify  the  areas  where  data  refinement  will  be  most  productive 

in  achieving  discrimination. 


The  sensitivity  index  is  based  on  a conparison  of  the  width  of  the 
95-percent  confidence  interval  for  each  of  the  parameters  with  that  of 
the  expected  net  inpact  score.  Those  parameters  with  confidence 
intervals  which  exceed  30  percent  of  the  confidence  interval  for  the 
total  alternative  are  displayed.  The  sensitivity  index  is  conputed, 
using  the  formula: 


0.3(A^.) 

^ Cl"^ 


X 10 


where : 


Slj  is  the  sensitivity  index  for  parameter  j. 

is  the  width  of  the  95-percent  confidence  interval  for  the 
alternative. 


is  the  width  of  the  95-percent  confidence  interval  for 
parameter  j. 


The  use  of  30  percent  of  A-j^  as  the  cutoff  point  was  established  by 
trial  and  error,  and  the  10  is  a scaling  factor.  The  specific  values 
are  not  critical,  as  the  sensitivity  index  is  only  a measure  of 
relative  variability  between  parameters  within  a single  alternative. 


If  a planner  is  faced  with  a situation  where  it  is  necessary  for 
him  to  make  a choice  between  alternatives  that  the  analysis  indicates 
are  indistinguishable,  he  should  first  look  at  the  two  alternatives 
and  determine  if  this  condition  is  a result  of  similarity  between  the 
alternatives,  or  a lack  of  data  confidence.  If  the  lack  of  discrimi- 
nation is  a result  of  the  similarity  of  the  alternatives,  then  further 
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data  refinement  and  use  of  the  program  will  not  solve  the  problem. 

If,  on  the  other  hand,  data  confidence  is  the  cause,  the  sensitivity 
index  identifies  the  parameters  for  each  alternative  plan  where 
further  data  refinement  will  be  most  productive.  The  higher  the 
index,  the  more  productive  data  refinement  shoiild  be.  The  presence 
or  absence  of  parameters  displayed  in  this  section  should  not  be 
interpreted  as  an  indication  of  the  quality  of  the  evaluation,  and 
no  attempt  should  be  made  to  refine  the  data  for  the  sole  purpose 
of  reducing  or  eliminating  the  list.  The  only  way  to  insure  that  no 
parameters  ^pear  is  to  provide  point  estimates  for  all  inpacts, 
which  will  produce  a deterministic  analysis  vhich  defeats  the  purpose 
of  the  program. 


Application  in  the  Planning  Process 


Effects  assessment  is  not  new  to  the  planning  process;  the  benefit- 
cost  ratio  is  a form  of  economic  effects  assessment.  Traditionally, 
the  benefit-cost  ratio  has  been  used  throughout  the  planning  process 
to  aid  the  planner  in  forming  his  initial  plans;  modifying  those  plans; 
plan  evaluation;  and  plan  selection. 

Expanding  the  scope  of  the  effects  assessment  can  be  viewed  in 
either  of  two  ways:  (1)  it  can  be  considered  extra  work  for  the 
planner  who  now  has  an  extra  subject  to  cover  in  his  report,  or,  (2)  it 
can  be  a valuable  tool  to  augment  the  benefit-cost  ratio  and  engineering 
expertise  to  streamline  the  process  and  broaden  the  planner's  perspective. 

To  maximize  the  usefulness  of  the  assessment  process,  it  must  begin 
in  the  early  phases  of  a study  and  have  an  influence  in  determining  the 
study's  direction.  The  procedure  just  described  is  particularly 
suitable  for  early  application  because  it  allows  the  evaluator  to 
express  his  confidence  in,  and  then  analyze,  his  data,  taking  the 
confidence  level  into  consideration.  In  the  earliest  phases  of  the 
study,  data  confidence  will  be  very  low  and  the  assessment  process 
relatively  informal;  however,  even  at  this  level,  the  program  is  useful 
in  determining  data-collection  priorities  and  some  plan  discrimination 
may  take  place.  As  economic  and  engineering  data  are  refined,  more 
precise  assessment  data  can  be  developed.  If  serious  adverse  inpacts 
are  detected  during  the  assessment  process,  this  information  can  be 
used  to  modify  the  plans  early  in  the  study,  or  may  even  lead  to  early 
abandonment  of  unacceptable  plans  before  a large  amount  of  time  and 
money  have  been  invested  in  engineering. 

Because  the  evaluator  creates  a permanent  data  file  at  the 
beginning  of  the  assessment,  it  is  not  necessary  to  reenter  all  the 
data  each  time  there  is  a change  to  be  made.  All  that  is  required 
is  that  the  appropriate  changes  be  made  to  the  data  file  and  the 
program  rerun. 
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The  purpose  of  data  refinement  is  to  produce  discrimination 
between  alternatives.  Once  this  has  been  acconplished,  further 
refinement  will  not  aid  in  the  decision  process  and  the  time  and 
money  spent  will  be  of  little  benefit.  Because  the  output  of  the 
program  indicates  when  discrimination  is  possible  and  where  to 
direct  additional  data- collection  efforts,  it  can  also  serve  as  a 
valuable  management  tool. 
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ARALYSIS  OF  ALTES^HATIVES 
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THE  FLOOD  FLAIR  NARAGE3<EHT  SIMULATOR 
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IRTRODUCTIOR 


Fonulatlon  of  flood  plain  managenent  plana  in  urban  settings  requires 
the  analysis  of  nunerous  coabinations  of  structural  and  non-struetural 
■easures.  Selection  of  a plan  for  iaplementation  fron  the  nsTriad  of  alter- 
natires  that  aust  be  analysed  nay  be  an  alaost  lapossible  task.  This  is 
especially  true  if  there  is  dirersity  of  public  attitudes  regarding  the 
"best  use”  of  the  flood  plain.  The  Flood  Plain  Manageawnt  Sijsulator  can 
proride  a useful  analysis  tool  for  siaulating  the  econoalc  effects  of  a 
particular  flood  plain  aanagcBent  plan.  By  changing  basic  hydrologic 
and/or  land  use  data  and  by  changing  assuaptions  about  the  planning  hori- 
zon , alternative  flood  plain  aanagement  strategies  can  be  sinulated  for 
display. 

Purpose 

This  paper  is  structured  to  present  a brief  description  of  the  Flood 
Plain  Management  Simulator,  a description  of  the  planning  setting,  an  analy- 
sis of  selected  alternative  flood  plain  manageswnt  strategies,  and  a 
discussion  of  the  strengths  and  weaknesses  of  the  analytical  tool.  The 
Flood  Plain  Management  Simulator  is  currently  being  utilised  in  the 
Missouri  River  Division's  three  urban  studies:  Metropolitan  Omaha, 
Rebraska-Councll  Bluffs  Iowa;  Metropolitan  Kansas  City,  Missouri  and 
Kansas;  and  Metropolitan  Denver  and  South  Platte  River  and  Tributaries. 

In  addition,  data  are  being  prepared  for  use  in  the  analysis  of  alternatives 
for  lower  Big  Sioux  River  flood  plain  at  Sioux  City,  Iowa. 

Sand  and  Toll  Gate  Creeks,  Colorado  pass  through  the  eastern  poz^ion 
of  metropolitan  Denver,  Colorado;  an  area  currently  undergoing  rapid 
development.  Alternative  plans  for  managing  the  flood  plains  along  these 
streams  are  currently  being  analjrsed.  This  paper  has  a two-fold  purpose: 
to  provide  information  within  the  Corps  of  &igineers  on  the  application 
of  the  Flood  Plain  Management  Simulator  to  Corps'  study  activities;  and 
to  provide  an  analysis  of  the  tool's  applicability  in  the  formulation  of 
flood  plain  management  plans  for  the  metropolitan  Denver  area. 


Chief,  Regional  Planning  Branch,  Omaha  District 
^ Urban  Planner,  Planning  Division,  Missouri  River  Division 
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Much  of  the  information  utilized  in  this  paper  was  developed  with 
the  asslstimce  of  William  Drake  and  R.  C.  Hoff,  Planning  Division,  MLd); 
Charles  L.  Hlllerson  and  John  Shobe,  Planning  Division,  Omaha  District; 
and  Robert  L.  Musselman,  formerly  of  the  Planning  Division,  (knaha  District. 
Without  their  assistance,  this  paper  would  not  be  possible.  The  authors 
gratefully  acknowledge  the  contributions  made  by  these  persons. 

FLOOD  PLAIN  MAHAGIMENT  SIMULATOR 

Ibe  basic  SIMULATOR  was  developed  for  the  Institute  for  Water 
Resources  by  INTASA  of  Menlo  Park,  Califoimla.  Subsequent  modifications 
and  documentation  were  accomplished  under  contracts  with  the  Office, 

Chief  of  Engineers,  and  with  the  Omaha  District.  Application  of  the  model 
to  Sand  and  Toll  Gate  Creeks,  Colorado  was  essentially  accomplished  under 
a contract  with  the  (kaaba  District,  completed  on  31  July  1S>73. 

The  Flood  Plain  Management  Simulator  is  divided  into  input  data 
and  three  main  parts: 

. Input  Data.  Basle  data  are  required  for  calculating  flood 
damages,  land  values,  and  economic  rent.  Economic  rent  includes  fixed 
area  development  cost,  site  development  cost,  transportation  cost, 
amenity  values,  and  social  environment  affects.  Additional  data 
includes  ultisuite  land  use  plans  with  and  without  flood  plain  management 
and  land  use  requirements  over  time.  A flow  diagram  showing  the  data 
requirements  is  shown  on  exhibit  "A". 

. Economic  Rent.  Flood  Damage  and  Land  Value  Computations. 
Economic  rent  differences  and  flood  damages  are  computed  for  aggregate 
activities  and  subarea  combinations.  For  benefit  evaluation,  the  name 
computation  is  perfoned  for  detailed  activity/ subarea  combinations, 
where  the  land  use  over  time  is  used  to  account  for  the  social  environ- 
mental effect  of  neighboring  land  uses. 

Land  Use  Allocation.  The  land  use  allocation  iwdel  is  the 
main  i>ortlon  of  the  Flood  Plain  Management  Simulator.  Before  the  benefits 
of  a specific  plan  can  be  evaluated,  the  land  use  over  time  with  and 
without  the  plan  must  be  forecasted.  The  allocation  of  land  use  is 
performed  at  two  levels.  The  first  level  is  used  to  arrive  at  land 
utilisation  over  time  and  locates  aggregate  activities  in  subareas.  This 
allocation  is,  in  general,  based  on  the  ultimate  land  use  plans  at  some 
future  point  in  tisM  within  or  beyond  the  social  planning  horison,  and  on 
present  values  of  net  economic  rents  using  s private  discount  rate  sad 
market  horison.  It  accounts  for  Interdepandsacies  between  activity  types; 
need  to  reserve  land  for  future  uses  with  higher  productivity;  availability 
of  land  outside  the  study  areas;  social  sad  political  constraints  on  land 
uses;  sad  Irrational  behavior  of  land  users.  The  second  level  locates 
detailed  activities  to  parcels  and  provides  the  detail  required  to  obtain 
accuracies  in  benefit  evaluation. 
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ESTIMATING  LOCATIONAL  ADVANTAGE  USING 
ECONOMIC  RENT  FORMULA 
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EXHIBIT  A 


. Benefits  Evaluation.  Using  the  detailed  Ismd  use  allocation, 
the  econonlc  benefits  accruing  to  the  flood  plain  management  plan  are 
determined  at  each  evaluation  period  by  reduction  In  flood  damages  and 
locational  advantage.  For  activities  that  locate  the  same  vlth  and 
without  flood  plain  management,  benefits  are  measured  by  locational 
advantcige,  and  three  different  methods  can  be  used  for  Its  measurement. 

The  first  Is  based  on  economic  rent  differences  and  flood  damages;  the 
second  on  land  values  and  flood  damages;  and  the  third  In  a combination 
of  the  two  previous  methods.  Finally,  present  value  of  benefits  Is 
computed  using  the  social  discount  rate  and  planning  horizon. 

COMPUTER  SYSTEM  REQUIREMEHTS 

The  Flood  Plain  Management  Simulator  Is  written  In  CDC  FORTRAN  IV. 
Control  Data  Corporation  Models  6U00,  650O,  66OO,  and  7600  can  be  used 
to  run  the  program.  If  program  changes  are  to  be  made,  a standard  CDC 
RUN  computer  Is  required.  The  program  can  be  operated  either  via  over- 
the-counter  submission  or  on  a batch  process  termlneil  such  as  the  CDC 
200  USER  TERMINAL.  The  maximum  number  of  cards  which  can  be  read  In 
one  nin  Is  1,000.  Compilation  of  the  program  requires  100  Kg  of  core 
memory  and  program  execution  required  1^0  K3  of  core  storage. 

THE  PLANNING  SETTING 


The  Study  Area 

Sand  Creek  Is  a right-bank  plains  tributary  of  the  South  Platte 
River.  Sand  Creek  and  Its  principal  tributary.  Toll  Gate  Creek,  pass 
through  the  eastern  portions  of  the  metropolitan  Denver  area.  The 
Sand  Creek  basin  Is  a l89-square  mile  area,  with  a major  portion  of  the 
basin  lying  upstream  from  the  metropolitan  Denver  area.  Sand  Creek 
flows  thro\igh  the  northern  portions  of  Aurora  and  Joins  the  South  Platte 
River  at  Commerce  City.  Prior  to  World  War  II,  nearly  all  of  the  Sand 
Creek  basin  was  devoted  to  agricultural  production.  A few  Industrial, 
buildings  and  oil  refineries  situated  near  the  mouth  of  Samd  Creek  had 
encroached  on  the  flood  plain.  By  the  mld-1950's,  Aurora  had  expanded, 
eastward  to  the  vicinity  of  Toll  Gate  Creek.  By  1969,  the  downstream 
10  miles  of  Sauid  Creek  and  the  downstream  U miles  of  Toll  Gate  Creek 
had  experienced  the  effects  of  urban  development.  In  the  past  five 
yeaurs,  additional  areas  along  Sand  Creek  amd  Toll  Gate  Creeks  experienced 
the  effects  of  development.  This  trend  Is  expected  to  continue  due  to 
Aurora's  abundauit  water  supply.  Portions  of  the  Sand  Creek  basin  aure 
experiencing  the  highest  rate  of  growth  In  the  metropolitan  Denver 
area.  The  study  area  Is  shown  on  plate  1. 
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Land  Use  Data  Used  In  the  Analysis 


The  folloving  assumptions  and  data  were  used  in  the  analysis: 

. Economic  Growth  Areas.  Econonic  growth  areas  are  geographic 
atreas  encompassing  all  alternative  development  sites  considered  in  the 
analysis.  A study  area  can  have  up  to  five  economic  growth  areas.  For 
the  analysis  on  Sand  and  Toll  Gate  Creeks,  the  study  area  was  assumed  to 
represent  the  economic  growth  area. 

• Dummy  Locations.  A dummy  location  is  defined  to  account 
for  locations  that  cannot  be  included  in  the  study  area,  either  because 
they  cannot  be  identified,  or  because  their  inclusion  complicates  the 
study  to  an  unwarranted  extent.  The  anailyses  on  Sand  and  Toll  Gate 
Creeks  did  not  require  the  identification  of  a dummy  location. 

. Available  Land.  Identification  of  the  land  available  for 
urban  development  is  one  of  the  Initial  steps  in  the  definition  of  the 
study  area.  U.S.G.S.  Quadrangle  maps  are  useful  in  identifying  avail- 
able vacant  lands  by  topographic  features,  such  as  sloi>e  and  by  proximity 
to  highways  and  existing  development.  Local  land  use  plans  can  also 
be  used  to  augment  the  information  provided  on  the  quadrangle  maps. 

Areas  outside  the  flood  plain  that  will  develop  the  same  with  and  without 
the  flood  plain  management  are  blocked  out,  since  these  areas  will  not 
be  alternatives  for  flood  plain  development.  Areas  reserved  for  open 
si>ace  and  those  tureas  which  have  a high  development  cost  are  silso  blocked 
out.  The  remaining  land  forms  are  available  for  urbaui  development.  The 
available  land  areas  cure  shown  on  plate  2. 

• Flood  Damage  Zones.  Flood  damage  zones  are  areas  where 
the  flood  characteristics,  such  as  depth,  velocity,  and  debris  can  be 
assumed  to  be  uniform.  To  achieve  this  uniformity,  the  flood  plain 
along  Sand  and  Toll  Gate  Creeks  was  divided  into  13  reaches.  The 
locations  of  the  reaches  used  in  this  analysis  are  shown  on  plate  3. 

Each  reach  was  divided  into  three  damage  zones,  representing  the  area 
affected  by  floods  having  a 2 percent,  a 1 percent,  and  0.2  percent 
chance  of  annual  occurrence.  The  model  can  accomodate  up  to  ten 
damage  zones. 


. Site  Development  Zones.  Site  development  zones  sure 
located  on  the  basis  of  relative  uniformity  of  site  development  and 
construction  costs  within  each  zone.  Factors  affecting  the  location 
of  these  zones  include  differences  in  site  preparation,  rosul  construction, 
and  transportation  costs.  Terrain,  general  slope,  soil  composition,  and 
soil  bearing  characteristics  are  considered  in  the  selection  of  site 
development  zones.  The  site  development  zones  used  in  this  analysis 
are  shown  on  plate  U. 
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. Transportation  Zones.  Transportation  zones  are  located 
on  the  basis  of  the  approximate  uniformity  of  cost  for  commuting  and 
transi)orting  goods.  Factors  that  determine  the  transportation  cost  of 
a site  are  its  distance  from  business  activities,  employment  centers, 
and  proximity  to  main  arteries.  Table  1 shows  the  distances  and  travel 
times  from  the  subareas  to  the  employment  centers  used  in  the  analysis. 

Table  1 

TRAVEL  DISTANCES  AND  TIMES 


Dlsteuice 

Time 

Subarea 

in  Miles 

in  Minutes 

1 

8 

20 

2 

7 

17 

3 

9 

22 

k 

7 

11 

5 

11 

2k 

6 

9 

22 

7 

11 

23 

8 

12 

26 

9 

ll* 

28 

10 

20 

33 

11 

19 

31 

12 

10 

22 

13 

10 

23 

lU 

11 

2k 

15 

9 

22 

16 

13 

2k 

17 

12 

26 

18 

11 

23 

19 

12 

2k 

20 

16 

30 

Based  on  the  regional  transportation  plan  for  the  metropolitan 
Denver  area,  it  was  assumed  that  the  transportation  network  would  change 
twice  during  the  50-year  plemnlng  horizon:  at  10  years  and  at  20  years. 
Table  2 shows  the  revisions  in  travel  times  and  distances  during  the 
planning  horizon. 
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Table  2 


TRANSPORTATION  REVISIONS 

Change  Change 


Subarea  lO-years 20-years 


Affected 

Distance 

Time 

Distance 

Time 

6 

8 

17 

6 

13 

7 

9 

19 

6 

11 

8 

10 

21 

7 

16 

9 

11 

23 

9 

18 

10 

l6 

28 

13 

23 

11 

15 

26 

12 

21 

12 

8 

17 

5 

11 

13 

8 

17 

5 

10 

lU 

8 

18 

S 

11 

15 

8 

17 

6 

13 

l6 

13 

2k 

13 

2A 

17 

8 

18 

5 

11 

18 

8 

17 

5 

12 

19 

9 

18 

8 

15 

20 

Ik 

27 

12 

24 

For  commercial  and  industrial  activities,  a similar  analysis  is 
used,  except  the  distance  and  travel  time  area  computed  from  the  subarea 
to  the  access  point  of  the  nearest  transportation  network.  The  number  of 
tons  transported  per  annum  per  acre  is  used  to  determine  the  transportation 
cost . 


Social  Environmental  Effect.  Social  environment  effects 
are  considered  when  defining  subareas  and  the  subareas  are  used  to 
define  social  environment  effect  zones.  The  effects  of  social  environ- 
ment are  an  estimation  of  the  influences  of  neighboring  activities  on 
the  economic  rent  of  a residential  activity.  For  example,  neighboring 
activities  such  as  industries,  low  Income  housing,  or  other  detrimental 
activities  can  have  a negative  effect.  The  proximity  of  recreation 
activities  can  have  a positive  effect. 

. Psurcels  and  Subcureas.  Parcels  are  the  smallest  land  use 
units  used  in  the  model.  Their  selection  is  based  on  the  uniformity 
of  flood  damages,  site  development  costs,  and  amenity  values  over  the 
area  vinder  consideration.  The  total  number  of  parcels  in  the  study 
area  is  limited  to  100.  Groups  of  parcels  may  be  combined  to  form 
subareas.  A subeurea  is  that  part  of  the  study  area  that  can  be  assumed 
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to  develop  as  a unit.  A planned  unit  development  would  be  an  example 
of  subarea.  The  relationship  between  the  various  levels  of  geographic 
definition  is  shown  on  plate  5* 

The  following  constraints  and  considerations  are  used  in  combining 
parcels  into  subareas: 

. The  total  number  of  parcels  must  be  kept  to  20  or  less. 

The  maximum  number  of  parcels  within  a subarea  is  limited  to  l8. 

. If  the  number  of  peurcels  is  equal  to  or  less  than  20, 
the  peircels  can  be  considered  as  subareas. 

. Subareas  consiaered  to  develop  eeurly  in  the  planning 
horizon  should  contain  more  pcurcels  than  those  expected  to  develop 
later  in  the  planning  horizon. 

. The  direction  of  growth  from  a developed  area  to  sm 
undeveloped  area  shoxild  be  considered. 

. Subareas  are  used  as  social -environmental  effect  zones 
where  it  is  assumed  that  no  differences  exist  between  subau'eas. 

For  the  anaJ.ysis  on  Sand  and  Toll  Gate  Creeks,  the  sub8u*eas  and 
study  reaches  were  chosen  so  that  no  study  reach  would  be  in  two 
adjacent  subareas.  Subareas  1 throvigh  13  correspond  to  reaches  1 
throvigh  13.  Subareas  lU  through  20,  shown  on  plate  3,  represent  the 
alternative  non-flood  plain  sites  used  in  the  anad^^ls  For  the 
analysis,  the  land  use  plan  was  ass\imed  to  be  the  sai.'^  '^Ith  and  without 
the  flood  plain  management  plan. 

. Activity  Types.  Aggregate  activity  types  are  high,  middle, 
and  low  Income  housing  communities;  industrial  groups;  and  agriculture 
groups.  Housing  commiuiity  types  are  related  to  Income  or  housing  type. 

The  aggregate  activity  types  for  industrial  land  use  distinguish  between 
two  Industrieil  groups;  one  group  would  be  those  land  uses  serving  retail, 
wholesale,  and  distribution;  and  the  second  group  would  be  those  land 
uses  serving  special  purposes.  For  agriculture,  the  aggregate  activity 
types  Include  those  agrlculttiral  uses  having  the  same  yield  per  acre. 

Community  land  use  types  can  be  subdivided  into  detailed  activities 
such  as  residences,  commercial  enterprises,  public  buildings,  open 
space;  streets,  highways,  and  utllltleb.  The  activity  types  for 
industrial  types  can  be  subdivided  into  more  specific  Industry  types. 

For  agriculture,  no  detailed  activity  types  are  used. 
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Land  Use  Allocation 


Allocation  of  land  use  activities  over  time  with  and  without  the 
plan  is  developed  from  land  use  requirements  and  from  the  ultimate  land 
use  plan  for  the  area.  The  allocation  is  performed  in  two  levels:  level 
1 is  the  land  use  over  time;  and  level  2 is  the  detailed  allocation  of 
activities  over  time.  Input  data  required  for  level  1 follows: 

. Allocation  periods  during  which  Increase  in  land  use  is 
assumed  constant. 

. Cumulative  requirements  for  each  aggregate  activity  at 
the  end  of  each  allocation  period. 

. Ultimate  land  use  plans  giving  the  ultimate  land  use 
in  acres  for  each  subarea  by  aggregate  activity  type. 

. Sequence  in  which  area  with  a fixed  development  cost 
will  be  used. 


. Private  discount  rate  and  planning  horizon. 

The  following  input  data  is  required  for  level  2: 

. Sequence  in  which  parcels  will  develop  in  each  area. 

. Preference  order  of  each  aggregate  activity  type. 

. Sequence  in  which  aggregate  activities  locate  in  a subarea. 

LAND  USE  REQUIRE34ENTS  OVER  TIME 

Land  use  requirements  over  time  for  each  activity  type  are  given 
by  the  total  requirement  from  the  beginning  to  the  end  of  the  planning 
period,  and  by  the  percentage  of  this  total  required  from  beginning  to 
end  of  the  planning  period.  Fig\ire  1 illustrates  the  allocation  of  land 
use  requirements  over  time. 
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FIGURE  1 


LAND  USE  ALLOCATION  OVER  TIME 
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PLANNING  HORIZON  IN  YEARS 


Allocation 

Allocation 

Total 

Conmunlty  Type 

1 

2 

Acres 

1.  Residential  A 

20 

60 

391 

2.  Residential  B 

20 

6o 

855 

3>  Residential  C 

19 

60 

7.268 

U.  Retail  I 

19 

60 

525 

5.  Retail  II 

20 

62 

1,000 

6.  Warehousing 

21 

60 

1,725 

7.  Industrial  I 

20 

6o 

2,059 

8.  Industrial  II 

— 

... 

0 

9«  Industrial  III 

19 

60 

271 

10.  Special  I 

20 

60 

133 

11.  Special  II 

20 

60 

1,121 

12.  Special  III 

— 

— 

0 

\ 
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Hydrologic  Data  Used  In  the  Analysis 

Descriptions  of  the  hydrologic  and  hydraulic  data  required  In  the 
model  and  ass\miptlons  used  In  the  Sand  and  Toll  Gate  Creek  analysis 
follow: 

. Depth-Frequency  Cipves.  Average  annvial  flood  damages 
are  computed  using  depth  ( stage ) -damage  and  depth  ( stage ) -frequency 
relationships  for  the  damage  zones.  For  the  Sand  and  Toll  Gate  Creek 
analysis,  stage-discharge  and  frequency-discharge  relationships  were 
converted  to  stage-frequency-relatlonshlps.  The  stage-discharge  and 
the  frequency-discharge  relationships  eure  computed  exogenous  to  the 
model.  Since  the  Flood  Plain  Management  Simulator  (FPMS)  uses  the 
same  computer  equipment  as  HEC-1  and  HEC-2,  an  office  using  these 
models  could  also  use  the  FPMS.  For  Sand  and  Toll  Gate  Creeks,  these 
relationships  were  developed  from  data  computed  by  Omaha  District 
hydrology  and  hydraulic  models. 

The  methodology  used  for  converting  steige-dlscharge  and  frequency- 
discharge  relationships  to  stage-frequency  relationships  Is  shown  on 
plate  6. 

A reference  location,  representative  of  the  hydraulic  character- 
istics within  a reach,  was  selected  for  each  of  the  13  reaches  previously 
Identified.  The  flood  having  a 1 percent  change  of  annual  occurrence 
was  selected  as  the  reference  flood  for  each  reach.  A total  of  10 
sample  floods  were  selected  to  represent  the  depth-frequency  relationship 
for  the  reach.  Table  3 shows  the  frequency  of  sample  floods  used  for 
all  reaches. 


Table  3 

FREQUENCY  OF  SAMPLE  FLOODS 

Sample  Flood 

~T~  311  m I5I  nr  ZL.  _I_  _2_  10 

Frequency  .10  .08  .07  .06  .05  .OU  .03  .02  .01  .20 

For  the  analysis,  three  flood  plain  management  alternatives  were 

selected  In  addition  to  the  existing  situation.  The  Illustrations  on 

plate  7 demonstrate  the  delineation  of  the  reference  and  sample  floods 
and  damsige  zones.  The  distances  between  the  reference  flood  and  the 
sample  floods  are  shown  In  table  U. 
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Table  k 


DISTANCE  OF  SAMPLE  FLOOD  TO 

reference  flood  w/0  fpm  plan 


Reach 

.10 

.08 

.06 

.05 

.OU 

.03 

.02 

.01 

.002 

1 

-U.8o 

-U.50 

-U.30 

-1».05 

-3.70 

-3.30 

-2.70 

-1.70 

0.00 

2.50 

2 

-8.6o 

-8.10 

-7.80 

-7.U0 

-6.90 

-6.30 

-5.20 

-3.55 

0.00 

6.90 

3 

-6.8o 

-6.30 

-6.00 

-5.70 

-5.30 

-1*.80 

-J*.oo 

-2.60 

0.00 

6.50 

k 

-10.70 

-10.00 

-9.50 

-8.95 

-8.20 

-7.50 

-6.10 

-1*.10 

0.00 

8.80 

5 

-7.U0 

-6.80 

-6.50 

-6.00 

-5.50 

-1*.80 

-3.80 

-2.1*0 

0.00 

U.90 

6 

-8.00 

-7.1*0 

-7.00 

-6.50 

-5.90 

-5.10 

-1*.00 

-2.1*0 

0.00 

U.60 

7 

-7.90 

-7.30 

-7.00 

-6.65 

-6.00 

-5.50 

-1*.55 

-3.00 

0.00 

U.80 

8 

-5.50 

-5.90 

-5.60 

-5.20 

-1*.70 

-1».2C 

-3.1*0 

-2.20 

0.00 

1*.30 

9 

-U.Uo 

-U.IO 

-3.90 

-3.60 

-3.30 

-3.00 

-2.30 

-1.60 

0.00 

3.30 

10 

-k.90 

-U.50 

-U.20 

-3.90 

-3.60 

-3.20 

-2.50 

-1.60 

0.00 

3.10 

11 

-9.70 

-8.70 

-8.10 

-7.1*5 

-6.50 

-5.50 

-J+.io 

-2.65 

0.00 

2.70 

12 

-9.90 

-9.30 

-8.90 

-8.U0 

-7.70 

-6.90 

-5.50 

-3.15 

0.00 

2.00 

13 

-12.  Uo 

-11.60 

-11.10 

-10.1*5 

-9.60 

-8.20 

-6.30 

-3.55 

0.00 

2.38 

. Depth-Damage  Relationships . Depth-damage  characteristics 
are  given  by  depth-damage  curves  and  value  of  damageable  components  for 
each  activity  or  structure  type  that  locates  in  the  flood  plain.  The 
damageable  components  are  structure,  contents,  and  fixtures.  The  damages 
for  each  damageable  component  are  expressed  as  a fraction  of  its  value. 
The  same  depth-frequency  curve  applies  to  all  land  uses  of  the  same  type 
regardless  of  value. 

For  some  activities,  separate  depth-dameige  curves  may  be  required 
for  structures,  contents,  and  fixtures.  For  other  activities,  depth- 
damage  relationships  are  required  for  only  the  structure  and  contents 
or  the  structure.  Zero  damage  in  the  depth-damage  can  refer  to  ground 
level  or  first  floor  elevation,  whichever  is  appropriate  for  the  analysis. 

Up  to  three  time  periods  can  be  used  to  determine  the  effects  of 
an  increase  in  value  of  damageable  components  over  time.  The  age  of  the 
structure  can  also  be  used  to  determine  the  effects  of  depreciation  over 
time.  Three  time  periods  are  also  used  in  the  depreciation  calculation. 

Figure  2 shows  the  depth-damage  relationships  for  structures  and 
contents  used  in  reach  U. 
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DEPTH  OF  FLOODING  IN  FEET 


FIGURE  2 


DEPTH -DAMAGE  RELATIONSHIPS 
REACH  - 4 
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ANALYSIS  OF  ALTERNATIVES 


For  the  pvirposes  of  illustration,  four  alternative  flood  damage 
reduction  techniques  were  chosen:  the  first,  a dam  on  Sand  Creek  and 
a dam  on  Toll  Gate  Creek;  the  second,  channel  enlargement  on  Sand  and 
Toll  Gate  Creeks;  the  third,  a levee  along  Sand  and  Toll  Gate  Creeks; 
and  the  fourth,  a combination  of  dams  cmd  channel  enlargement.  Other 
techniques  such  as  flood  proofing,  zoning,  and  evacuation  in  selected 
reaches  and  combinations  of  these  measures  will  be  evaluated. 

Dams  on  Sand  Creek  and  Toll  Gate  Creek 


Previous  studies  of  potential  flood  control  measures  on  Sand  and 
Toll  Gate  Creeks  identified  potential  dam  sites  on  Sand  Creek  and  Toll 
Gate  Creek.  The  potential  dam  site  on  Sand  Creek  is  located  about  tvo 
miles  southeast  of  Buckley  Field  shovn  on  plate  1.  The  potential  dam 
site  on  Toll  Gate  Creek  is  located  at  the  confluence  of  East  and  West 
Toll  Gate  Creeks.  The  latter  site  is  currently  being  encroached  upon 
by  residential  development.  Both  dam  sites  would  be  capable  of 
impounding  the  standeird  project  flood.  Discharge-probability  relation- 
ships for  the  without  project  condition  were  based  on  the  assumption 
that  no  releases  would  be  made  from  the  dams  during  a flood  event . 

It  was  assumed  that  land  use  in  the  flood  plain  was  essentially 
the  same  with  and  without  the  potential  dams.  However,  the  Flood  Plain 
Management  Simulator  is  capable  of  analyzing  a changed  land  use  over 
time  with  the  project  in  operation.  For  the  analysis,  thirteen  cards, 
representing  the  depths  between  the  reference  flood  and  the  sample 
flood  for  the  controlled  conditions,  were  Inserted  in  the  data  deck. 

The  model  has  the  flexibility  of  changing  the  distance  between  the 
reference  flood  and  the  sample  flood  over  five  time  periods  during  the 
planning  horizon  to  represent  the  hydrologic  effects  of  urban  develop- 
ment . 

Channel  Enlargement  on  Sand  and  Toll  Gate  Creeks 

For  this  analysis,  it  was  assumed  that  the  Sand  and  Toll  Gate 
Creek  channels  would  be  enlarged  to  contain  a flood  having  a 1 percent 
chance  of  annual  occurrence.  Again,  the  major  change  in  the  data  set 
was  the  insertion  of  cards  with  data  representing  the  changes  in 
depth  between  the  reference  flood  and  the  sample  flood.  Alternative 
channel  sizes  can  be  evaluated  by  simply  changing  the  depth  relation- 
ships. Development  of  these  relationships  requires  the  exogenous 
computation  of  depth-probability  relationships  for  each  condition  to  be 
simulated. 
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Levees  along  Sand  Toll  Gate  Creeks 


It  was  assumed  that  levees,  capable  of  providing  protection  against 
a flood  having  a 1 percent  chance  of  auinual  occurrence,  wo\ild  be  con- 
structed along  Sand  and  Toll  Gate  Creeks.  Analysis  of  this  alternative 
requires  a minor  modification  In  the  Input  data. 


Combination  of  Dams  and  Channel  Enlargement 

This  analysis  assumed  the  combination  of  the  two  dams  described 
under  the  first  alternative  with  the  channel  enlargement  In  the  second 
case.  This  combination  would  provide  control  of  the  standard  project 
flood.  As  in  the  previous  simulations,  the  major  change  in  the  data 
set  was  the  difference  In  depth  between  the  reference  flood  and  the 
sample  for  each  of  the  13  reaches. 


Analysis  of  Simulation  Restilts 

Selected  results  of  the  four  simulation  runs  analyzed  are  shown  in 
table  5.  Column  1 shows  the  annual  reduction  in  flood  damages  to 
existing  development  in  the  flood  plain.  The  reduction  in  damages  to 
future  activities  that  wotild  locate  in  the  flood  plain  with  or  without 
protection  are  shown  in  column  2.  Certain  activities  would  locate  in 
the  flood  plain  if  protection  were  provided;  column  3 shows  the 
reduction  in  damages  to  these  activities.  Column  U shows  the  economic 
advantage  of  locating  development  in  the  flood  plain  in  lieu  of  locating 
in  an  alternative  non-flood  plain  area. 

Table  5 

COMPARISON  OF  ALTERNATIVE 
FLOOD  DAMAGE  REDUCTION  MEASURES 


Benefits  in  $1.000 


Alternative 

Existing 

Activities 

Futvure  Act 
Before  ProJ 

Future  Act 
After  ProJ 

Loc 

Adv 

Total 

Benefits 

Dams  on  Sand  & 
Toll  Gate  Crks 

$1,196.9 

$1,193.5 

$662.5 

$ 750.8 

$3,803.2 

Channel 

Enlargement 

1,127.2 

1,12U.0 

28U.7 

1,131.7 

3,667.6 

T«vees 

378.  U 

220.6 

359.8 

11.7 

970.5 

Dams  and  Channel 
Enlargement 

1,315.3 

1,278.9 

321.  U 

1,300.3 

'♦,215.9 
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An  obvious  conclusion  from  the  ccmparison  is  tliat  levees  are  the 
least  effective  method  and  a combination  of  measures  consisting  of 
dams  fluid  channel  enlargement  is  the  most  effective  method  of  reducing 
flood  dcunfltges  in  the  study  area.  Based  on  a compflirlson  of  costs,  which 
flu:e  not  shown,  channel  enlargonent  would  be  the  most  efficient  method 
of  dflunage  reduction  considering  existing  levels  of  development  in 
the  flood  plain. 

The  combination  of  dcuas  fluid  chcuinel  enlflurgement  would  provide 
essentlfldly  complete  flood  protection.  The  other  alternatives  provide 
a high  degree  of  protection;  however,  by  completely  eliminating  flood 
danuiges,  a savings  in  site  development  fluid  transportation  costs 
flUBountlng  to  over  $1,300,000  annually  could  be  realized.  Dauds  alone 
would  produce  a savings  of  about  half  the  flunount  refld.lzed  by  fliddlng 
chfluinels  to  the  dams. 

Theoreticflilly,  the  plan  providing  essentially  complete  flood 
control  should  be  the  most  efficient  liuid  use  allocation.  This  thesis 
is  predicated  on  the  supposition  that  in  the  absence  of  flood  dtuiULges, 
Ifluid  uses  would  allocate  solely  on  the  basis  of  the  economic  rent 
calculation.  Table  6 shows  a comparison  of  land  use  fld.locations  for 
fliggregate  activity  - Retail  I.  Without  flood  protection.  Initial 
development  in  subflurea  1 would  occur  in  U6.3  years.  With  complete 
protection,  initial  development  of  this  activity  would  occur  in  31.3 
years . Subarea  7 is  a drfluaatlc  example  of  a location  that  is  extremely 
attractive  for  development.  However,  the  flood  threat  is  such  that  the 
Ifluid  users  will  not  find  it  feasible  to  tfldce  flidvantflige  of  this  desirable 
site  until  the  flood  dflunages  flure  reduced. 
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Table  6 


LAUD  USE  ALLOCATION 
AGGREGATE  ACTIVITY 
RETAIL  I 


Subarea 


Without  Flood 
Protection 


Year  of  Initial  PeveloTanent 

With  Project 

Dams  Channel  Levee 


Combination 


1 

U6.3 

U9.I 

31.9 

33.1 

31.3 

2 

NA 

NA 

NA 

NA 

NA 

3 

37.6 

UO.6 

37.0 

38.1* 

33.6 

k 

NA 

NA 

NA 

NA 

NA 

5 

U7.I 

U6.3 

29.0 

1*7.1 

12.1* 

6 

31.0 

28.1* 

27.1 

30.1 

32.1 

7 

30.1 

5.1 

33.1 

31.6 

5.1 

8 

U3.3 

29.9 

31*. 0 

1*1*  .1 

39.3 

9 

32. U 

33.3 

1*2.7 

31*. 0 

1*2.7 

10 

26.1* 

37.7 

1*7.1 

27.3 

1*7.1 

11 

29.7 

32.9 

32.7 

26.9 

1*2.3 

12 

29.3 

12. 1« 

28.6 

26.1* 

13.8 

13 

36.9 

12.6 

12.0 

32.1* 

lU.O 

lU 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

2.5 

2.5 

2.5 

2.5 

2.5 

l6 

12.0 

13.0 

12.1* 

12.0 

ll*.l* 

17 

5.1 

5.5 

5.1 

5.1 

5.5 

18 

16.2 

17.2 

16.5 

16.2 

18.5 

19 

NA 

NA 

NA 

NA 

NA 

20 

19.7 

21.3 

20.0 

19.7 

2l*.l 

EVALUATION 


The  Flood  Plain  Management  Simulator  calculates  the  benefits  of 
a plan  In  two  categories:  (l)  Damage  reduction,  and  (2)  Locational 
advantage.  Damage  reduction  is  the  appropriate  benefit  measure  for 
existing  activities  and  for  projected  land  uses  where  the  Influence  of 
the  flood  control  plan  does  not  affect  the  locational  decision.  Loca- 
tional advantage  is  the  appropriate  benefit  measvire  where  the  effect 
of  the  plan  results  In  a change  of  location.  While  the  ultimate  location 
for  each  activity  is  fixed  by  the  final  land  use  plan  which  Is  direct 
input,  the  model  derives  the  most  efficient  land  use  plans  over  time 
based  on  economic  rent  calculations.  The  Omaha  District  has  found 
that  the  simulator  can  be  applied  beneficially  In  two  ways: 

(1)  As  a damage  reduction  model  only. 

(2)  As  a comprehensive  flood  plain  land  use  aneLLysls  model. 

The  strengths  emd  weaknesses  of  each  approach  will  be  discussed  below. 

As  the  name  "Simulator"  implies,  the  model  was  built  to  analyze 
land  use  over  time.  This  comprcanlses  the  detail  with  which  existing 
land  use  information  can  be  used  as  input.  Specifically: 

(1)  The  user  must  specify  the  same  basic  land  use  types  for 
both  existing  and  future  activities. 

(2)  A resldentled  community  must  have  the  same  structure 
type  mix  and  density  both  over  time  and  throughout  the  study  area. 

(3)  A limit  of  1*5  land  use/value  categories  must  suffice  for 
both  existing  and  future. 

Work  is  now  underway  In  the  Omaha  District  to  remedy  some  of  these 
problems  by  expanding  the  detail  at  which  existing  land  use  can  be  input. 

It  will  then  be  i>osslble  to  calculate  damages  In  considerable  detail  for 
existing  uses  while  at  the  same  time  estimating  damages  at  the  aggregate 
level  for  future  activities. 

Limitations  have  also  been  Imposed  on  the  detail  with  which 
hydrologic  information  can  be  input.  Only  1^  reaches  can  be  specified 
and  all  flood  profiles  are  asstuned  to  be  pareillel  throughout  the  length 
of  each  reach.  If  this  limitation  is  unacceptable  and  would  cause  signifi- 
cant error,  the  stream  profile  may  be  segmented  into  the  nximber  of  reaches 
desired  and  then  introduced  into  the  Simulator  in  groups  of  1^  reaches. 

Despite  these  problems,  the  Omaha  District  has  found  the  INTASA 
model  to  be  useful  when  applied  as  a damage  reduction  and  potential 
benefit  model.  There  are  two  significant  reasons  for  this: 
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(1)  The  model  requires  that  all  pertinent  hydrologic  and 
economic  data  be  precisely  specified.  Often,  much  of  this  importemt 
information  is  never  clearly  defined. 

(2)  Alternative  management  plans  and  sensitivity  analysis 
can  be  accomplished  with  a minimum  of  additional  effort.  The  effect 
of  uncertainty  in  flood  frequency,  valuation,  depth  damage,  flooded 
area-frequency,  discount  rate,  density,  and  land  use  information  can 
be  readily  evaluated. 

It  is  also  prudent  to  weigh  these  advantages  of  the  flood  damage 
model  against  the  theoretical  deficiencies  of  the  Simulator.  It  is 
quite  probable  that  in  almost  «dl  cases,  the  uncertainty  in  such  data 
as  curea-flooded  vs.  frequency,  and  depth  of  inundation  vs.  damage  is 
a soiurce  of  greater  probable  error  than  the  defects  in  the  methodology 
used  by  the  Simulator. 

When  the  Simulator  is  used  as  a comprehensive  flood  plain  land  use 
analysis  model,  the  applicability  of  economic  rent  and  its  components, 
in  addition  to  flood  damages,  must  be  evaluated.  Due  to  the  ccmplex 
data  required  and  the  scope  of  investigations  to  date,  the  Omaha  District 
uses  the  INTASA  model  as  a flood  benefit  evaluation  tool.  If  we  assume 
that  efficient  use  of  land  is  a reasonable  criteria  for  evaluating  the 
potential  for  occupation  and  development  of  the  flood  and  for  evaluating 
the  benefits  of  a land  use  plan,  then  we  should  consider  the  method  used 
to  acccaipllsh  this  goal  as  defined  by  the  INTASA  Simulator: 

A.  The  flood  plain  under  study  is  typically  a very  small  part  of 
the  area  in  eui  urban  economic  system.  It  is  from  this  larger  area  that 
an  activity  can  choose  its  location.  Therefore,  when  using  this  Simula- 
tor, we  are  faced  with  a problem  in  geographic  scale.  We  must  detect 
the  subtle  economic  rent  differences  in  alternative  flood  plain  locations 
with  economic  rent  component  routine  attuned  to  a large  complex  economic 
system  such  as  a metropolitan  area. 

B.  There  is  another  problem  of  scale  with  this  model  as  well  as 
many  other  complex  ccxoputer  models.  The  Simulator  as  a whole  was  kept 
to  a manageable  size  in  terms  of  conputer  storage,  input  required,  and 
running  cost.  These  specifications  meant  that  some  of  the  subroutines 
were  generalized  to  a point  where  their  output  has  limited  credibility. 
For  example,  the  social  and  environmental  models  are  virtually  direct 
input/output  procedures.  The  transportation  model  cannot  accommodate 
multiple  destinations  and  the  zones  of  constant  cost  tent  to  become 
overly  large. 

C.  Applying  the  concept  of  differential  econrailc  rent  (the  differ- 
ential earnings  to  actlvity/slte  combinations  as  a result  of  occupying 
or  developing  alternative  parcela  of  land)  as  modeled  by  INTASA  to 
simulate  land  use  decisions  requires  that  the  user  and  planner  exercise 
care  when  interpreting  the  output.  It  is  Inherent  in  this  model  that: 
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(1)  Decisionmakers  have  perfect  knowledge  of  potential  costs. 

We  assume,  for  instance,  that  the  flood  damage  threat  and  its  costs  are 
known  by  the  economic  system. 

(2)  All  decisions  are  made  in  economic  terms  and  all  alterna- 
tives cem  be  displayed  by  econcmiic  cost.  Social,  and  environmental, 
effects,  for  instance,  must  be  reduced  to  dollar  costs  auid  benefits. 

(3)  The  risks  are  equaLL  and  uniform.  It  is  questionable, 
for  instauice,  that  for  puri>oses  of  simulating  economic  decisions, 
whether  the  risk  of  incurring  a site  development  or  transportation 

cost  is  equal  to  that  of  incurring  flood  damage  cost.  Furthermore  various 
polltlcaO.  units  may  incur  veurylng  amounts  of  the  risk  through  a wide 
array  of  tauclng  amd  compensation  arrauigements  at  the  local,  regionail,  and 
national  scaJ.e. 

(U)  Each  person  in  the  decision  matrix  has  the  same  time 

horizon. 

(^)  We  impose  existing  vailues  and  technological  interdepen- 
dencies on  future  lamd  use  decisions.  There  is  no  provision  for  the 
introduction  of  new  urbam  forms.  We  assume  the  same  social  and  envlron- 
mented  values  will  be  relevant  decision  criteria  throughout  the 
study  period.  Ho  change  in  trauisportation  technology  auad  its  effect 
can  be  quauitlfied  in  this  model  nor  in  any  other  model  of  this  tyi>e. 

In  other  words,  the  quauitificatlon  of  situational  interdependencies  is 
virtually  Impossible. 

Despite  these  theoretical  amd  practical  difficulties  with  the  Flood 
Plain  Manaigement  Simulator,  it  does  have  vedue  when  used  as  a tool  in 
the  development  of  a flood  plain  manaigement  plam.  Most  Importantly,  it 
at  least  creates  an  environment  where  the  right  questions  can  be 
aiddressed.  With  this  model,  the  use  of  the  flood  plain  is  considered 
in  conjunction  with  the  use  of  lamd  throughout  the  study  amea.  Also, 
since  the  ultimate  land  use  plam  is  given  as  input,  we  ame  not  required 
to  develop  a lamd  use  plam,  rather  we  can  evaluate  ailternatlve  plans 
developed  by  loca^.  or  regionail  aigencles.  This  model  is  therefore  not  (in 
optimization  model;  rather  the  allocation  of  activities  to  lamd  is 
restricted  by  the  zoning  maps  (ultimate  lamd  use  plans).  It  is  the 
responsibility  of  the  plamner  to  prepare  an  ultimate  lamd  use  plan  that 
reflects  the  values  of  the  people  and  accounts  for  the  soclail,  environmental, 
economic,  and  politlcail  considerations  that  ame  not  modeled.  The 
Simulator  will  then  derive  the  most  economicailly  efficient  use  of 
lamd  over  time  within  these  limitations.  The  output  then  is  a consistent 
rationale  for  future  growth  and  flood  plain  development  with  the  benefits 
measured  by  the  increased  earnings  through  locational  advamtage  and 
damage  reduction  that  result  from  the  flood  plain  manaigement  plam. 
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A common  concern  is  that  the  benefit  category  of  locational 
advanteige  opens  the  door  to  Indlscremlnate  boosting  of  benefits. 

This  is  not  the  case.  Rather,  the  Simulator's  economic  comparison 
of  alternative  locations  provides  a more  rational  basis  for  benefit 
accumulation  than  an  arbitrary  assumption  of  flood  plain  develop- 
ment regardless  of  the  cost  in  flood  damages.  Since  some  of  the 
economic  rent  components  cannot  be  accurately  quantified  with  a high 
degree  of  certainty,  the  Simulator  calculates  an  "upper  bound"  for 
locational  advantage  benefits  to  prevent  the  planner  from  deriving 
unrealistically  high  benefits.  The  upper  bound  calculation  is  based 
on  the  assumption  that  the  economic  rent  benefit  cannot  exceed  the 
flood  damage  reduction  If  the  activity  had  located  the  same  both 
without  and  with  the  project.  This  Is  based  on  the  fact  that  an 
activity  would  have  located  in  the  flood  plain  even  without  the 
project  If  the  economic  rent  advantage  of  the  flood  plain  location  is 
greater  than  the  flood  damage. 

This  model  is  more  amenable  to  user  Interaction  than  many  ccxnpre- 
henslve  land  use  models.  In  no  sense  is  it  a "black  box";  changed  In 
data  produce  logical  and  predictable  variation  in  the  economic  rents 
and  activity  allocation. 

Data  collection  for  the  flood  benefit  and  economic  rent  analysis 
can  be  a major  task.  Assuming  the  stage-discharge  and  discharge  prob- 
ability data  are  available,  a minimum  of  about  2 man-months  are  required 
to  gather  the  remaining  land  use  and  flood  damage  data  required  to 
complete  the  basic  data  packate.  Debugging  and  analysis  of  the  basic 
data  requli#>g  several  computer  runs.  When  the  basic  data  requirements 
are  salinfi'd,  sensitivity  simulations  will  range  from  about  $10  to 
$70  depe.'.lin^T  on  the  computer  facilities  used. 

Finally,  INTASA  has  remedied  some  of  the  technical  deficiencies 
of  the  Simulator  with  the  development  of  a new  model  called  the  Lemd 
Program.  The  Land  model  consists  of  the  Simulator  plus  more  detailed 
transportation  analysis,  a routine  capable  of  allocating  population  and 
employment  projection  alternatives,  and  map  display  capability.  A 
resource  demand  subroutine  has  also  been  added  to  calculate  the  water 
supply,  wastewater  output,  etc.  required  for  each  land  use  plan  derived. 
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PROBABILITY  IN  PERCENT 


DESIGN  FUNCTION  AND  APPLICATION  OF  THE  ST.  LOUIS  SMSA 
LAND  USE  MODEL 

by 

Richard  Rodakowskl ^ 


I.  Introduction 

a.  This  study  Is  an  effort  on  the  part  of  the  St.  Louis  District, 

U.  S.  Army  Corps  of  Engineers  to  develop  a methodology  that  will  assist 
In  analyzing  project  Impacts  and  evaluate  alternatives  for  optimal  plan 
formulation.  The  model  Is  essentially  a land  use  simulator  which  attempts 
to  Incorporate  and  Imitate  real  world  land  use  development.  It  Is  an 
urban  land-use  tool  developed  by  the  University  of  Missouri,  St.  Louis, 
and  was  designed  to  allocate  land-use  activities  based  upon  an  Initial 
(1970)  data  base  and  Internal  ranking  criteria. 

b.  Basic  Input  consists  of  three  essential  and  Interacting  elements. 

An  Initial  1970  data  base  Is  required.  Data  must  be  collected  for  each 
and  every  grid  In  a county  by  the  size  grid  the  planner  desires.  The  data 
forms  the  variables  and  platform  for  simulator  land-use  forecasting.  The 
second  component  of  Input  varies  with  the  user's  general  understanding  of 
the  area  under  Investigation.  Population  forecasts  for  each  decade  and 
all  land  use  types  must  be  provided  for  the  counties  Involved  In  the  study. 
Further,  the  user  must  be  cognizant  of  the  density  constraints  by  decade 
and  land-use  type.  An  elementary  understanding  of  economic  principles  and 
spatial  relationships  would  be  helpful  In  forming  the  exogenous  population 
and  density  parameters. 

c.  Two  basic  types  of  output  are  provided.  One  Is  a printout  of 
land-use  allocation  results  consisting  of  real  numbers  such  as  population, 
employment,  acres,  and  density.  The  other  Is  a grid-map  printout  which 
provides  a visual  Illustration  of  the  modeling  process.  All  output  Is 
provided  on  a decade  basis  from  1970  to  2030.  Five  land-use  activities 
are  evaluated  each  decade:  (1)  heavy  Industrial,  (2)  light  Industrial, 

(3)  residential,  (4)  commercial,  and  (5)  public. 

d.  The  output  Is  grid  oriented.  Each  of  the  eight  counties  In  the 
St.  Louis  SMSA  Is  segregated  Into  5000-foot  units  called  grids.  The  large 
counties  may  be  composed  of  as  many  as  1000  such  units,  whereas  the  smaller 
counties  are  composed  of  400  to  500.  The  5000-foot  unit  Is  not  mandatory. 

For  example,  a 10,000-foot  or  evei  a 20,000-foot  grid  pattern  may  be  used 
depending  on  data  availability  and  needs.  Each  county  must  have  the  same 
size  grids,  but  grid  sizes  can  vary  between  counties.  Each  cell  Is  Identified 
by  a row  and  column  number,  designated  by  R and  C respectively,  corresponding 
to  the  Y and  X axis  of  the  Cartesian  Coordinate  System.  The  St.  Louis 

model  has  32  variables  for  each  land  unit,  eight  of  which  may  be  used 
simultaneously  during  the  ranking  process.  Grid  maps  A and  B provide  a 
visual  example  of  the  mapping  process.  In  the  actual  simulator,  there 
are  ten  shade  variations  each  representing  a different  level  of  land-use 
development.  Two  size  maps,  one  small  and  the  other  large,  are  producible. 

^Economics  Branch,  SC.  Louis  Diatrict,  Corps  of  Engineers 
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II . The  Model 


a.  Figure  1 illustrates  in  schematic  form  the  sequential  flow  of 
computer  operations  in  the  distribution  process.  At  the  top  of  the 
schematic  is  a list  of  counties  to  which  the  computer  distributes 
exogenously  forecasted  emplo5rment  or  population  to  land-use  types.  It 

is  important  to  recognize  that  each  of  the  eight  counties  is  functionally 
independent  in  terms  of  computer  algorithms.  The  land-use  types  to 
which  the  distribution  process  takes  place  are  also  indicated  in  the 
schematic,  and  are  in  order  of  desirability.  All  industrial  land  use 
is  first  completed  followed  by  residential  land  use,  commercial  land 
use,  and  public  land  use.  This  process  is  repeated  from  1970  to  2030 
at  decade  intervals.  The  arrows  indicate  the  general  direction  of  com- 
puter logic.  Steps  one  through  five  are  repeated  for  each  county  and 
each  decade.  A detailed  discussion  of  the  internal  operations  will  facil- 
itate understanding  of  what  actually  takes  place  within  each  modularized 
land-use  type.  It  should  be  noted  that  the  entire  area  could  be  run  all 
at  once  or  on  a county  by  county  basis. 

b.  Figure  2 exhibits  a detailed  internal  view  of  the  distribution 
mechanism  within  a particular  module,  namely  heavy  industrial  land  use. 

This  example  is  typical  of  what  occurs  in  the  other  four  land-use  types 
during  the  allocating  process.  Frame  1 shows  a hypothetical  example  con- 
sisting of  County  X.  The  heavy  industrial  employment  forecast  for  County 
X is  1,000  industrial  employees  for  1990  and  was  exogenously  determined. 
This  1,000  industrial  employment  figure  must  be  distributed  among  the 
grids  which  make  up  the  county.  The  typical  land  unit  to  which  employ- 
ment or  population  is  distributed  is  the  grid  (sometimes  referred  to  as  a 
cell).  The  decision  as  to  how  much  employment  is  distributed  to  each  land 
unit  is  directly  related  to  the  ranking  matrix  (Frame  II)  which  is  essen- 
tially the  heart  of  the  model.  The  matrix  consists  of  a minimum  of  one 
and  a maximum  of  eight  rules  or  independent  variables  per  land  use  type, 
which  are  the  relative  weights  by  which  one  cell  is  distinguished  from 
another  in  terms  of  the  number  of  employees  it  receives.  These  rules, 
which  will  be  discussed  in  more  detail  later,  algebraically  interact  to 
rank  each  cell  in  a county.  The  resulting  rank  is  in  the  form  of  a per- 
centage of  total  exogenously  forecasted  employment  that  is  distributed 

to  each  grid.  Notice  that  the  sum  of  all  industrial  employment  allocated 
in  a particular  county  must  total  100  percent  of  the  forecasted  employment. 
In  essence,  those  land  units  which  are  ranked  more  desirable  receive  the 
greatest  percentage  allocation,  whereas  those  ranking  lower  because  of  a 
less  desirable  variable  constituent  receive  the  least  allocation.  Frame 
III  shows  grid  1 ranks  first  in  County  X in  terms  of  relative  desirability. 
Grids  2 and  3 on  the  other  hand,  rank  second  and  third,  respectively. 
Although  a land  unit  ranks  first  for  industrial  use,  it  may  rank  two- 
hundredth  for  residential  use,  fiftieth  for  public  use,  and  twentieth  for 
commercial  use.  Hence,  ranks  are  invarient  to  each  other,  and  the  computer 
responds  accordingly.  This  order  priority  ceases  when  all  grids  in  a 
county  receive  their  weighted  share  of  employment  and  when  all  projected 
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employment  is  accounted  for.  Frame  IV  is  a distribution  process  which 
each  and  every  grid  must  pass.  Within  this  frame,  each  grid's  allocation 
is  distributed  to  a land-use  type.  Continuing  with  the  hypothetical  struc- 
ture, if  grid  1 is  to  receive  5 percent  of  total  industrial  emplo3nnent 
(50  workers)  then  those  workers  must  be  distributed  on  Industrial  acres 
in  some  ordered  fashion.  The  key  to  this  distribution  is  another  set  of 
exogenously  determined  parameters,  namely,  density  or  employees  per  acre 
of  land-use  tjrpe.  If  land  unit  1 must  absorb  50  workers  and  the  1990 
County  X density  is  10  workers  per  acre,  then  clearly  it  will  require  5 
acres  of  industrial  land  to  satisfy  the  land-use  requirements.  The  com- 
puter will  allocate  those  workers  on  5 acres  of  land.  The  density  thresh- 
hold  of  10  workers  per  acre  acts  as  a constraint  which  may  change  each 
decade  depending  upon  population  forecasts.  In  the  case  where  there  are 
more  employees  to  allocate  than  current  Industrial  acres  available,  the 
computer  proceeds  to  acquire  whatever  vacant  acres  it  needs  in  that  unit 
and  distributes  the  residential  or  unallocated  employees  to  vacant  land. 
Similarly,  if  suitable  vacant  acres  pr  )ve  insufficient  to  satisfy  the 
process,  computer  logic  then  proceeds  to  agricultural  land  within  a grid 
and  Initializes  the  same  process.  If  undistributed  population  still 
exists  after  this  phase,  another  phase  begins  which  accumulates  all  un- 
distributed population  and  deposits  it  to  the  most  desirable  grids  that  are 
not  already  saturated.  It  is  doubtful  any  residual  exists  after  this 
stage,  but  if  one  does  persist,  an  error  message  will  be  printed  Informing 
the  user  that  such  a state  of  affairs  has  arisen.  More  will  be  said  about 
this  point  later  in  the  discussion  of  model  phases. 

c.  Frame  V represents  a repetition  of  the  entire  process  for  the 
light  industrial  land  use  module  (Figure  1).  No  change  of  county  or 
decade  takes  place  until  all  land  use  modules  of  all  counties  are  appropri- 
ately processed  for  a particular  decade.  At  this  point,  the  decade  is 
Incremented  and  the  allocation  process  is  repeated. 

d.  Reference  was  made  earlier  to  the  ranking  matrix  (Frame  II,  Fig.  2) 
in  terms  of  a more  detailed  analysis.  The  analysis  is  somewhat  complex, 
but  Important  to  a full  understanding  of  the  model.  A hypothetical  example 
will  again  serve  to  illustrate  the  fundamental  principles  Involved  during 
the  distribution  process.  A discussion  of  the  ranking  process  must  be 
done  in  two  essential  and  interrelated  stages:  (1)  the  ranking  of  inde- 
pendent variables,  and  (2)  the  manipulation  of  these  variables  to  form  the 
final  percentage  distribution.  Table  la  and  lb  will  serve  as  key  references. 
Suppose  there  are  five  grids  in  a particular  county  and  three  variables, 

Xj^,  X2,  Xj,  which  are  the  weighting  parameters.  These  independent  variables 
can  represent  any  economic,  demographic,  or  ecological  measurement  desired. 
For  example,  Xj^  can  be  a measure  of  commercial  employment,  distance  to  a 
railroad  terminal,  or  the  number  of  firms  in  a grid.  Similarly,  X2  and  X^ 
can  represent  some  indicator  of  sewage  and  water  accessibility,  the  percen- 
tage of  that  grid  in  a flood  plain,  or  population.  Almost  any  parameter 
can  be  used  as  a weighting  element  in  the  ranking  matrix.  The  only  con- 
straint on  this  is  that  of  consistency,  i.e.  same  units.  As  many  as  eight 
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ranking  variables  can  be  employed  for  each  county  and  land-use  type, 
representing  a variety  of  proxies  of  economic  base  performance  and  measure- 
ments. The  actual  ranking  process  goes  as  follows:  Suppose  we  let 
be  acres  In  heavy  Industrial  usage,  X2  a measure  of  accessibility  to  a 
railroad  terminal,  and  Xo  Industrial  employment  (Table  la).  The  values 
of  these  variables  are  placed  adjacent  to  their  respective  land  units. 

For  example,  grid  (lOOR,  50C)  has  Xj^  = 50,  X2  = 8,  and  Xj  = 800.  In  this 
simplified  example,  only  three  variables  were  used  for  ranking  five  land 
units.  In  actuality,  we  could  have  used  eight  variables  and  there  may 
have  been  700  land  units.  Note  also  that  the  X's  are  real  world  numbers. 
Table  lb  shows  what  the  simulator  does.  Each  real  number  In  Table  la  Is 
converted  to  an  Integer  value.  To  Illustrate,  column  X.  (Table  la)  shows 
land  unit  (lOOR,  50C)  as  ranking  fourth  In  numerical  value  out  of  a maxi- 
mum of  five  units.  Cell  (105R,  50C)  ranks  fifth  out  of  five — the  highest 
ranking  value  for  that  cell  and  that  variable.  A similar  conversion  ’■ocess 
takes  place  for  all  cells  and  variables.  The  next  operation  horlzo)  .lly 
sums  the  X values.  The  overall  highest  ranking  unit  sums  the  greatest, 
and  after  conversion,  receives  the  highest  number  of  employees.  In  real- 
ity, modeling  does  not  stop  here,  but  the  simplification  provided  portrays 
the  basic  algorithmic  processing. 

III.  Model  Phases 


a.  In  order  to  present  a comprehensive  description  of  model  functions 
and  processes,  a non-mathematlcal  approach  will  be  utilized.  The  math- 
ematics and  statistics  are  not  difficult  to  comprehend  but  would  require 

a detailed  example  too  lengthy  for  general  description  purposes.  The 
model  functions  on  a three-phase  basis  as  described  below. 

b.  In  Phase  I,  population  and  employment  are  distributed  to  developed 
land  based  upon  the  ranking  process  heretofore  described.  Each  grid  re- 
ceives a relative  percentage  share  of  use  depending  upon  Its  calculated 
desirability.  If  a land  unit  Is  not  fully  saturated  during  this  phase. 

It  may  receive  additional  use  during  subsequent  passes.  Alternatively, 

If  the  unit  becomes  fully  utilized  and  the  cutoff  density  constraint  Is 
reached,  a residual  of  unallocated  population  or  employment  will  exist. 
This  Is  to  say  that  developed  land  within  a grid  cannot  absorb  further 
allocation. 

c.  Phase  II  Is  designed  to  allocate  the  residual  of  population  and 
employment  that  could  not  be  distributed  during  pass  one.  It  accomplishes 
this  task  In  two  steps.  Step  1 distributes  the  residual  to  vacant  acres 
In  that  land  unit.  Population  Is  allocated  to  vacant  land  at  a density 
which  Is  less  than  the  density  of  the  previously  developed  land.  This 
corresponds  to  reality  In  that  newly  developing  land  usually  does  not 
produce  high  density  land  units.  The  partial  density  Is  functionally 
dependent  on  three  principle  factors:  (1)  the  level  of  development  al- 
ready existing,  (2)  the  relative  desirability  of  contiguous  units,  and 
(3)  a random  number  generator.  All  three  factors  are  given  consideration 
when  the  partial  cutoff  density  Is  calculated.  Ordinarily,  Phase  II  will 
allocate  all  remaining  residuals.  However,  a few  land  units  may  rank 
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sufficiently  high  that  a residual  still  persists.  Under  these  conditions, 
Phase  II,  Step  2,  allocates  any  remaining  population  to  agricultural  land 
in  the  grid — at  the  same  weighted  partial  cutoff  density,  as  was  the  case 
with  the  vacant  use.  In  a few  cases,  more  allocation  is  required.  Phase 
III  is  designed  to  rectify  the  problem. 

d.  Phase  III  is  a last  effort  to  remedy  the  problem.  Like  Phase  II, 
Phase  III  has  two  steps.  Step  1 directs  the  allocation  effort  back  to 
vacant  land  which,  as  you  recall,  is  partially  developed.  This  time, 
vacant  land  is  brought  to  the  same  maximum  density  as  highly  developed 
land.  Greater  allocation  takes  place  further  decrementing  the  residuals 
of  population  and  employment.  Finally,  as  a last  resort.  Phase  III,  Step 
2,  Increments  the  density  of  agricultural  land  and  attempts  to  distribute 
population.  If  a residual  persists,  an  error  message  is  printed  indicating 
that  an  adverse  condition  is  in  effect.  The  entire  three  phase  process 
is  repeated  each  decade.  It  should  be  realized  that  what  has  been  des- 
cribed is  illustrative  of  general  sequential  flows. 

IV.  Control  Cards  and  Input 

a.  The  input  section  of  the  model  consists  of  two  major  sources:  the 
decade  1970  data  base,  and  user-supplied  input  and  control  cards.  Within 
the  context  of  the  subdivision,  there  exists  a set  of  primary  control 
cards,  a set  of  secondary  control  cards,  and  a set  of  auxiliary  output 
specification  cards. 

b.  The  primary  control  cards  are  required  for  the  allocation  algorithms 
to  take  place.  These  cards  include  the  following:  (1)  the  population 
projections  or  "POP"  cards,  (2)  the  terminating  decade  card  or  "TO"  card, 
(3)  the  ranking  input  variable  cards,  "FILL,"  (4)  the  limiting  density 
factor,  "DEN,"  and  (5)  the  initiating  control,  "DO."  All  five  cards  are 
mandatory  for  the  distribution  process  to  function,  as  each  of  these  cards 
contains  vital  Information.  For  example,  the  "POP"  card  contains  the 
exogenously  forecasted  population  and  employment  by  land  use  type  and  county 
from  which  distribution  takes  place.  The  "TO"  card  controls  the  decade  that 
the  model  forecasts  to,  l.e.,  1980,  1990,  2000,  2010,  2020,  or  2030.  The 
"FILL”  card,  on  the  other  hand,  contains  the  variables  by  which  land  units 
are  ranked  (a  maximum  of  eight  variables  per  use) . The  "DEN"  card  limits 
allocation  by  land  use  density  constraints  which  are  exogenous  to  the  model 
per  se.  The  "DO"  control  card  Instructs  the  computer  to  perform  all  indi- 
cated processes  to  all  counties  and  land  use  types  where  the  letters  "DO" 
are  placed.  If  a "DO"  card  is  omitted,  that  land  use  type  for  that  county 
will  not  be  processed. 

c.  Secondary  control  cards  are  used  primarily  for  "fine  tuning"  the 
allocation  process  by  specifying  action  to  be  taken  under  specific  con- 
ditions. Seven  different  cards  are  used  for  this  purpose.  None  are  re- 
quired, but  in  using  them,  certain  desired  economic  activities  can  be  con- 
strained or  facilitated  by  known  contingency  developments.  These  cards 
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Include  (1)  a dispersion  or  "DISP"  card,  (2)  a ranking  or  "RANK"  card, 

(3)  a "XDEN"  card,  (4)  an  exception  or  "EXCP"  card,  (5)  a special 
statistics  or  "STAT"  control  factor,  (6)  a "ZONE"  control,  and  (7)  a 
"HOLD"  command,  and  (8)  a "Cell"  card. 

(1)  The  "DISP"  card  allows  the  model  user  to  interrupt  the  main 
sequence  flow  process  in  order  to  store  a percentage  of  exogenously  fore- 
casted population  or  employment  for  a reallocation  procedure.  For  example, 
5 percent  of  a given  county's  Industrial  employment  can  be  set  aside  and 
the  remaining  95  percent  distributed  according  to  plan.  The  5 percent  will 
then  be  distributed  to,  say,  the  top  ranking  three  grids.  In  effect,  this 
can  represent  a proxy  of  redevelopment  of  more  established  urban  areas,  if 
desired. 

(2)  The  "zone"  and  "HOLD"  commands  permit  control  over  the  utilization 
of  land.  The  "HOLD"  commands  permit  control  over  the  utilization  of  land 
by  withholding  vacant  or  agricultural  land  from  development.  Ordinarily, 
the  computer  would  absorb  both  when  needed,  as  explained  above.  The  "HOLD" 
control  specifies  a land  unit  number,  the  type  of  land,  and  the  acreage  to 
be  withheld  from  development.  Each  acreage  specified  on  a card  applies  to 
one  decade  in  the  forecast.  Similarly,  the  "ZONE"  command  increases  flexi- 
bility by  allowing  the  model  user  to  set  a maximum  on  the  number  of  acres 
which  can  be  developed  on  a specific  land  use  ostensibly  for  zoning  regula- 
tions. Each  "ZONE"  card  specifies  a land  unit,  a land  use,  and  the  maximum 
acreage  that  can  be  developed  in  the  land  unit. 

(3)  The  "RANK,"  "XDEN,"  "EXCP,"  and  "STAT"  cards  require  special 
attention  because  of  a set  of  algebraic  rules.  The  rules  within  a land 
use  type  take  the  form  of  a series  of  "IF"  statements"  If  A is  LE  (GT, 

EQ,  LT,  NE,  GE)  then  action  ^ is  taken.  The  three  symbols  in  the  "IF" 
statement  represent  the  input  specification  of  a rule:  the  "A"  symbol  is 
the  variable  number  in  the  data  base  to  be  used,  the  "B"  symbol  represents 
the  value  of  this  variable  to  be  satisfied,  and  the  "X"  symbol  represents 
the  algebraic  operation  to  be  performed:  less  than  or  equals,  greater 
than  or  equals,  or  equals.  For  example:  If  31  is  LE  25,  where  "31"  is 
the  variable  number  of  the  percent  of  land  subject  to  flooding,  "LE"  means 
less  than  or  equal  to,  and  "25"  is  the  value  of  the  flood  plain  percentage 
which  must  not  be  exceeded. 

(4)  Specifically,  the  "RANK"  control  card  provides  the  capability  to 
alter  the  ranking  of  land  units  within  a county  for  land  use.  For  example, 
the  "RANK"  card  alters  the  result  of  a ranking  by  allowing  an  increase , 
decrease,  or  specification  of  rank  for  a land  unit  or  units.  A logical 
expression  similar  to  the  one  above  is  required  for  the  ranking  change  to 
take  place.  In  addition,  the  ranking  can  be  altered  for  a certain  decade 
if  desired,  rather  than  all  decades. 

(5)  The  "EXCP"  command  provides  the  capability  to  alter  the  maximum 
population  (employment)  density  for  a land  unit(s)  in  a particular  land  use 
after  the  initial  (DEN)  allocation  process  has  taken  place.  The  "EXCP" 
control  card  alters  the  maximum  density  by  allowing  an  increase,  decrease. 
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or  specification  of  maximum  population  density  for  a land  unit(s).  As 
before,  a logical  expression  is  constructed  to  achieve  an  alteration  of 
density.  This  flexibility  can  be  applied  to  reflect  unusual  or  atypical 
circumstances  not  identifiable  during  the  normal  flow  process. 

(6)  The  "STAT"  control  card  is  unique  in  providing  for  the  capability 
to  alter  the  population  density  at  which  agriculture  and  vacant  land  is 
developed.  In  other  words,  the  density  at  which  vacant  and  agricultural 
land  is  used  can  be  changed  to  reflect  realism.  For  example,  vacant  land 
in  relatively  rural  areas  generally  does  not  develop  at  the  same  density 
as  does  vacant  land  in  the  older,  more  established  urban  areas.  This  can 
be  reflected  by  use  of  the  "STAT"  card  and  the  proper  logical  expression. 

(7)  The  "XDEN"  control  card  allows  the  model  user  to  modify  the  maxi- 
mum population  (employment)  density  for  a land  unit(s)  in  a specific  land 
use,  prior  to  the  initial  allocation.  This  control  element  alters  the 
maximum  density  by  allowing  an  increase,  decrease,  or  specification  of 
minimum  population  density  for  a land  unlt(s).  In  addition,  the  densities 
can  be  altered  for  a certain  decade  by  specifying  that  decade. 

(8)  A "Cell"  control  card  is  also  provided.  This  permits  the  user 
to  specify  processing  on  a land  unit  for  a particular  purpose.  In  this 
way,  control  over  one  land  unit  is  possible  without  directly  interfering 
with  other  units. 

d.  The  last  eight  control  cards  discussed  are  basically  used  to  "fine 
tune"  and  solve  unusual  problems  not  covered  in  the  normal  flow  sequence. 

The  user  is  constrained  to  1000  cards  by  the  memory  complexities  of  the 
computer. 

V.  Output  Specifications 

The  output  specification  cards  allow  for  suppression  of  parts  of  print- 
outs which  are  unnecessary  or  undesirable  for  applied  analysis.  These  in- 
clude a "Base"  card,  "RPT"  control,  "UCALC"  function,  "MAP"  card,  and  a 
"DIAG"  card. 

(1)  The  "Base"  card  permits  the  planner  the  flexibility  of  dumping 
specified  decade  data  base  variables  for  purposes  of  statistical  analysis. 

(2)  The  "UCALC"  function  is  an  access  point  where  a statistical  analysis 
package  can  be  placed,  such  as  a regression,  correlation,  factor  analysis, 

or  Chi-Square  program. 

(3)  A mapping  "MAP"  suppression  is  also  Incorporated.  If  the  planner 
wishes  to  use  only  1990  and  2010  maps,  all  others  can  be  suppressed  (1970, 
1980,  2000,  2020,  and  2030).  In  this  way,  he  is  not  bothered  by  massive 
printouts  of  maps. 

(4)  Finally,  a "DIAG"  card  allows  for  suppression  of  extraneous  print- 
out. Some  of  the  simulator's  output  is  non-functional  for  a planner's  pur- 
pose. This  is  auxiliary  data  used  ordinarily  for  checking  model  processing. 
These  reports  are  often  called  diagnostic  reports. 
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VI . Data  Base 


a.  Most  of  the  data  utilized  in  the  model  was  collected  by  the  East- 
West  Gateway  Coordinating  Council,  the  St.  Louis  area's  council  of  govern- 
ments. This  data  consists  of  a host  of  information  pertaining  to  area- 
wide economic,  demographic,  and  geographic  attributes  of  potential  use  in 
terms  of  ranking  variables.  A list  of  these  variables  is  contained  in 
Table  2. 

b.  Those  variables  chosen  as  economically  useful  are  known  to  be 
theoretically  Important.  For  example,  accessibility  to  transportation  modes 
such  as  railroad  and  truck  terminals,  barge  facilities,  and  highway  inter- 
sections, are  all  valuable  for  determining  the  potential  development  of  a 
particular  land  unit.  All  four  types  of  transportation  are  important  to 
commercial  development.  There  is  a number  of  large  retail  establishments 

in  the  metro  area  that  require  input  to  warehouses  via  rail,  truck  ship- 
ments to  the  retail  outlet,  and  extensive  highway  development  for  customer 
delivery  and  business. 

c.  Another  Important  economic  variable  is  that  of  a measure  of  dis- 
tance from  a central  business  district  (CBD) . The  data  base  also  provides 
this.  A grid  within  a county  is  chosen  as  a CBD  because  of  known  economic 
attributes  and  all  other  cells  in  that  county  can  be  ranked  by  the  distance 
from  that  centrally  important  unit.  Since  there  are  eight  counties  (in- 
cluding the  City  of  St.  Louis),  eight  CBDs  can  be  chosen  upon  which  to  rank 
their  respective  units.  The  principle  behind  using  distance  from  a CBD  lies 
in  the  research  conducted  on  "central  place  theory."  Briefly,  "central  place 
theory"  asserts  that  as  one  moves  away  from  a dense  urban  center,  density, 
business  activity,  and  utilities  decrease  in  quantity.  In  other  words, 
development  is  functionally  dependent  upon  distance  from  a central  business 
center.  Thus,  land  units  farthest  from  a CBD  will  be  given  less  weight  in 
terms  of  rank  as  compared  with  those  adjacent  to  the  hub  of  activity.  The 
model  also  has  the  ability  to  modify  this  process  for  atypical  situations. 
There  are  many  more  variables  that  may  be  regarded  as  economically  deter- 
ministic and  the  two  indicated  above  are  examples. 

d.  Demographic  variables  are  also  available  as  ranking  parameters. 
Population  of  each  cell  is  in  the  data  base  and  can  serve  to  "weight"  units 
in  terms  of  residential  development.  If  the  assumption  is  made  that  those 
units  containing  high  residential  population  at  a particular  time  will 
also  contain  high  populations  in  the  future,  then  it  is  reasonable  to  be- 
lieve that  those  same  units  will  be  residentially  oriented  in  the  future. 

A second  related  ranking  variable  is  that  of  population  and  employment 
densities  (people  per  acre).  An  already  dense  population  center  could 
prove  to  be  attractive  to  further  residential  development  via  high  rise  in 
the  future. 

e.  Examples  of  geographic  parameters  would  include  soil  types  (severe, 
moderate,  slight),  the  percentage  of  a land  unit  in  a flood  plain,  and 
total  acre  size  of  a particular  unit.  These  types  of  variables  allow  the 
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modeler  to  take  into  consideration  topography,  inundation,  and  a number 
of  other  "physical"  features  of  the  unit  under  consideration. 

VII . Planned  Applications 

a.  The  St.  Louis  District's  Land  Use  Forecast  Model  was  designed  to 
measure  project  impacts  and  to  assist  planners  and  economists  in  formulating 
alternative  solutions  to  water  resource  problems.  The  model  can  best  be 
applied  to  projects  which  are  regional  in  scope.  For  example,  in  formula- 
ting alternatives  to  wastewater  treatment  projects,  a variety  of  solutions 
can  be  evaluated  and  tested  for  the  eight-county  area.  Another  potential 
use  which  shows  promise  is  the  application  of  the  simulator  to  Interior 
drainage  problems.  By  using  flood  plain  data  and  altering  input  variables, 
a quantitative  output  can  be  analyzed.  It  would  be  useful  to  more  vividly 
describe  how  the  model  could  be  used  and  how  the  output  is  interpreted  for 

a wastewater  project  and  an  interior  drainage  problem. 

b.  The  St.  Louis  District  is  developing  the  foundations  for  a regional 

wastewater  treatment  complex  to  meet  the  growing  needs  of  the  St.  Louis 
SMSA.  There  are  essentially  three  basic  problems  which  must  be  thoroughly 
analyzed  before  final  plans  can  be  Implemented.  They  include  the  questions 
of:  (1)  where  to  locate  the  treatment  sites  in  terms  of  a comprehensive 

regional  coverage,  (2)  how  many  and  what  size  facilities  to  provide,  and 
(3)  what  kind  of  treatment  should  be  used.  The  model  can  je  applied  as 

a supplemental  tool  in  evaluating  this  maze  of  problems.  Each  alternative 
can  be  tested  by  a separate  run  and  compared  to  the  no-project  condition. 

In  this  way,  land  use  impacts  can  be  analyzed.  As  a formulation  tool,  it 
can  show  how  alternative  plans  respond  to  meeting  some  predetermined  and 
desired  end — such  as  local  land  use  plans.  Output  will  Include,  but  not 
be  limited  to,  such  factors  as  population  and  employment  shifts,  land  use 
density  configurations,  acreage  requirements,  variances  in  land-use  spread, 
and  area  needs.  This  information  will  be  provided  for  each  grid  in  every 
county  within  the  SMSA  from  1970  to  2030,  by  decade.  In  addition,  all 
principle  land-use  types  will  be  evaluated  numerically  and  on  grid  maps. 

c.  A second  promising  application  of  the  simulator  focuses  on 
analyzing  numerous  solutions  to  interior  flood  control  problems.  The 
traditional  remedy  frequently  involves  the  installation  of  pumping  stations, 
the  addition  of  levee  protection  or  ditching,  reservoir  construction,  or 
some  integration  of  these  types  of  projects.  The  land  use  simulator  has 
the  capacity  to  test  the  alternatives  and  their  varying  Impacts.  For 

each  designated  alternative,  a separate  run  can  be  made  and  the  difference 
in  land  use  could  then  be  compared  and  contrasted.  It  gives  the  planner 
a variety  of  choices  from  which  a single  plan  can  be  formulated.  As  be- 
fore, the  output  will  be  in  terms  of  population,  employment,  densities, 
and  acreages.  It  is  possible  to  incorporate  the  addition  of  water  supply, 
hydroelectric  power,  recreation,  and  environmental  aspects  of  project 
Implementation.  A great  deal  can  be  done  provided  that  data  base  variables 
are  made  available. 

d.  The  two  types  of  projects  discussed  are  amenable  to  modeling. 

The  model  can  also  be  of  assistance  in  evaluating  airport  development. 
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industrial  park  impacts,  recreation  projects,  and  possibly  other  uses 
not  yet  thought  about.  It  is  an  excellent  supplemental  tool. 

VIII.  Technical  Configuration 

The  minimum  core  requirements  to  run  the  land  use  simulator  is  850K. 

A memory  capacity  greater  than  this  is  frequently  needed.  It  was  developed 
on  an  IBM  370/165,  O.S.  Version  21.6  Hasp  Version  3.1.  Fortran  is  the 
principle  language  used,  but  a large  "U"  matrix  is  written  in  PL-1.  One 
direct  access  device  is  required  to  accommodate  the  nine  files  used 
(IBM  2314  diskdrive  or  Model  3330  drive)  during  processing  and  compiling. 

In  addition,  a Grid  mapping  program  is  needed  for  printing  map  output. 

IX.  Summary 

As  a regional  impact  tool,  the  St.  Louis  District's  Land  Use  Forecast 
Model  fulfills  many  of  the  functional  needs  of  planners  and  economists  alike 
It  can  be  applied  to  many  areas  and  is  not  uniquely  attached  to  the  St.  Louis 
area  in  any  technical  sense.  It  is  not  designed  to  be  an  all  inclusive  tool 
and  should  not  nupplant  all  other  methods , but  rather  seirve  to  supplement 
existing  analytical  techniques.  The  two  sources  of  output  (real  numbers 
and  mapped  results)  provide  for  both  a quantitative  and  visual  inspection 
of  impacts  and  facilitate  plan  formulation.  Modeled  results  are  as  detailed 
as  desired  with  the  only  principal  constraint  being  the  quality  of  the  ini- 
tial input  data  base. 
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This  represents  an  illustration  of  how  grid  mapping  looks.  Actually 
smaller  or  even  larger  grids  may  be  formed  depending  upon  data  avail, 
bility  and  needs  of  the  planner. 
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FIGURE  1 


r 


FLOW  SEQUENCE 


CITY 

1st 

STLC 

2nd 

STCH 

3rd 

FRLN 

4th 

JEFF 

5th 

MNRO 

6th 

STCL 

7th 

MDSN 

8th 

t 


L 


The  planner  is  limited 
to  a mciximum  of  five 
uses,  but  may  combine 
or  delete  uses  to  make 
two,  three,  or  four 
groups 


t 


Hvy, 

. Industrial  Use 

1 

1 

»i. 

Lt. 

Industrial  Use 

U 

1 

1 

V "" 

■ 1 

Residential  Use 

P 

1 

1 



Commercial  Use 

P 

1 

1 



^ . 

Public  Use 

P 

T 


- Next  Decade  - 


1980 

1990 

2000 

2010 

2020 

2030 


4. J 

161 


FIGURE  2 
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* The  numbers  1,  2,  and  3 are  hypothetical  ranks  as  would  be  calculated 
by  the  simulator 
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TABLE  la 


County  X 


Ranking  Process 


Grid 

Row 

Col 

100 

50 

50 

8 

800 

105 

50 

150 

10 

1000 

110 

50 

30 

3 

800 

115 

50 

0 

1 

500 

120 

50 

20 

2 

77 

TABLE  lb 
County  X 


Rank  Valuea 

Grid 

Row  Col 

^1 

X2 

^3 

EX^** 

% 

Population 

Allocated* 

100 

50 

4 

4 

4 

12 

27 

270 

105 

50 

5 

5 

5 

15 

33 

330 

110 

50 

3 

3 

2 

8 

18 

130 

115 

50 

1 

1 

3 

5 

11 

110 

120 

50 

2 

2 

1 

5 

45 

11 

100 

110 

1000 

♦Assume  1,000  as  exogenously  forecasted  employment  for  County  X. 
**In  case  of  a tie  between  sums,  numerical  order  presides. 
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TABLE  2 

INITIAL  INPUT  VARIABLES  COLLECTED  FOR  EACH  LAND  UNIT 


Variable  Number 


Information 


2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 


Acres  in  heavy  industry 

Acres  in  light  industry 

Acres  in  residential 

Acres  in  commercial 

Acres  in  public 

Acres  in  agricultural 

Acres  in  vacant 

Heavy  industrial  employment 

Light  industrial  employment 

Residential  population 

Commercial  employment 

Public  employment 

Recreational  acreage 

Airports 

Soils 

Slope 

Retail 

Industrial  parks 

Office  center 

Free-standing 

Institution 

Rail  terminal 

Barge  terminal 

Truck  terminal 

Sewer 

Mining 

Acres  water 

Ground  water 

Highway:  summation  1970 

Highway:  summation  1990 
Distance  from  a specified  unit 
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ALTERNATIVE  SYSTEMS  FOR 


COMPUTER  MAPPING  AND  AUTCWATING  GEOGRAPHIC  IFFORMATION 


by 

Jack  Dangermond , Director 

Environmental  Systems  Research  Instlti-.te 
lA  North  Fifth  Street 
Redlands,  California  92373 


I.  Introduction 


This  paper  provlles  a c' ossification  of  spatial  Identification  tech- 
niques for  automated  geographic  Information,  and  desc.rlbes  some  of  the  ad- 
vantages and  disadvantages  of  alternative  technical  approaches  as  they 
relate  to  planning  applications.  For  background,  historical  methods  for 
satisfying  information  problems  and  current  methodologies  being  utilized 
are  discussed.  The  grid,  polygon,  and  single  point  techniques  are  ex- 
amined in  detail.  In  addition,  various  computer  mapping  and  analysis  pro- 
grams are  examined  In  terms  of  their  usability  In  association  with  spatial 
identification  techniques. 

II.  Origins  of  a Geographic  Data  System 

During  the  past  IS  years,  many  professionals  Involved  In  geographic 
analysis  have  been  varklng  on  the  development  of  automated  systems  for 
efficient  collection,  storage,  analysis,  and  presentation  of  geographic 
data.  Apparently,  these  efforts  have  been  the  result  of  an  Increased 
need  for  quantitatively  arrayed  spatial  data  for  use  In  planning  and 
decision  making. 

There  are  two  basic  Justifications  for  the  development  of  these 
systems.  First,  they  typically  Increase  the  technological  capability 
for  manipulating  and  analyzing  large  quantities  of  data.  Second,  they 
reduce  the  per  unit  cost  for  acquisition  of  necessary  Information. 

Recent  development  of  various  automated  techniques  for  spatially 
Identifying  geographic  data  has  evolved  frv.*n  historical  methods  of  geo- 
graphic data  storage.  These  methods  consisted  primarily  of  maps  or 
atatistlcs  related  to  aerial  units  described  on  maps.  Examples  are  maps 
of  natural  resources  (e.g.,  soils,  vegetation,  mineral  resources,  etc.) 
and  cultural  geography  (e.g.,  land  use,  transportation,  etc.).  Polygons, 
lines,  points,  and  surfaces  of  geographic  variation  are  typically  depicted 
on  these  maps. 
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Polygon  maps  define  the  holders  o^  homogeneous  features  as  well  as 
the  characteristics  associated  with  those  features  (e.g.,  a soils  mp 
describing  the  boundary  characteristics  of  soil  types) . 

Line  maps  define  linear  elements  of  geography  such  as  roads,  hyr'ro- 
logic  networks,  railroad  lines,  etc. 

Point  maps  articulate  the  geographic  position  of  events  or  phenomena 
located  at  specific  points  (e.g.,  historic  landmarks,  wells,  topographic 
elevation,  or  traffic  intersections). 

Surface  maps  which  describe  continuously  varying  quantitative  s)'atlal 
data  are  a sub-set  of  both  line  and  point  maps.  Topographic  lines  and 
elevation  points  are  typically  used  to  display  this  data. 

The  basic  problem  associated  with  developing  a geographic  data  base  is 
transferring  the  aforementioned  map  features  into  a computer  readable  data 
file  describing  the  spatial  location  of  these  features.  A series  of  tech- 
niques have  been  developed  for  conducting  this  map  to  automated  dat;-.  file 
conversion. 

In  general  terms,  an  automated  geographic  information  system  can  provide 
many  of  the  same  qualities  provided  by  an  integrated  mapping  system.  In 
addition,  a well  structured  automated  system  can  provide  many  advantages 
associated  with  complex  information  studies  involving  massive  amoun^:s  of 
data.  Specifically,  an  automated  system  can  provide  a qxiantltatlve  frame- 
work for  rapid  analysis  and  retrieval  of  information  in  a manner  ea-illy 
understandable,  highly  accurate,  and  cost  effective. 

The  overlay  and  analysis  of  several  geographic  data  maps  of  the  same 
location  provides  a good  example  of  how  such  a system  can  be  beneficial. 

A traditional  technique  used  for  this  type  of  analysis  Involves  the  manual 
overlay  of  acetate  maps.  Using  this  technique,  the  analyst  loses  s ‘nse 
of  comparison  after  the  second  or  third  overlay;  any  form  of  quantitative 
weighting  is  Impossible. 

The  recognition  of  these  problems  has  led  to  the  development  of  retrieval 
techniques  that  facilitate  various  forms  of  mathematical  modeling  and  computer 
graphics. 

In  preliminary  research  efforts,  as  well  as  those  presently  ongoing  into 
geographic  data  base  design,  there  exist  a great  many  common  attributes 
which  are  seemingly  applicable  to  most  systems.  One  of  the  most  important 
of  these  is  techniques  for  spatial  Identification  of  geographic  data.  This 
paper  addresses  the  subject  of  spatial  identification  techniques  in  detail. 

III.  A Classification  of  Spatial  Identification  Techniques 

Three  generalized  spatial  reference  systems  have  been  developed  and 
operationally  tested  for  digitally  recording  geographic  data.  They  arc 
the  grid  system,  the  polygon  system,  and  the  single  point  system. 

The  grid  system  is  a technique  whereby  variables  of  data  are  assoc- 
iated with  a uniform  grldded  matrix  superimposed  on  the  landscape.  The 
polygon  system  is  a technique  for  collecting  information  by  polygon  areal 
units.  The  point  system  is  a technique  using  single  points  for  sampling 
of  continuous  surface  data  or  referencing  some  phenomena  or  event  on 
geography.  These  three  main  classifications  will  be  discussed  In  detail 
in  the  following  sub-sections. 

A.  Grid  Cell  Identification  System 

The  grid  cell  technique  csq>loys  a grid  matrix,  or  lattice,  uni- 
formly inscribed  and  referenced  on  geography.  Having  established  a 
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grid  cell  system  for  collection  of  (^ata,  qualitative  and  quantitative 
data  associated  with  each  cell  can  ''>e  encoded  or  digitized.  This  data 
can  be  collected  by  manual  digitizing,  whereby  each  cell  receives  a 
manually  recorded  code  denoting  the  data  and  classification  value 
Identified  within  that  cell,  or  automatic  digitizing  wherein  polygons 
or  points  are  measured  In  terms  of  :,y  coordinates  and  subsequently 
converted  into  a grid  format  automatically.  The  resulting  matrix  of 
data  can  be  used  for  a variety  of  purposes.  Some  examples  are: 

- computer  mapping  of  basic  data  according  to  original  scale  or 
In  rescaled  values 

- merging  maps  for  varying  sources  and  scales  into  a unified  data 
file 

- selecting  small  geographic  ar  las  (windowing)  from  a larger  geo- 
graphic area  file  (e.g. , watershed  planning  units) 

- "overlaying"  map  data  files  of  two  or  more  variables  for  the  same 
geographic  area  (this  can  invjlve  a variety  of  weighting  tech- 
niques) 

- searching  and  calculating  distances  to  or  from  a specific  grid 
cell  location  or  phenomenon. 

Examples  of  computer  printer  and  plotter  maps  produced  frr  the 
grid  referencing  system  are  displayed  In  Figures  1 and  2. 

Some  of  the  basic  advantages  of  using  the  grid  cell  system,  as 
opposed  to  other  techniques,  are  Hated  below: 

1.  The  grid  cell  provides  an  easy  way  to  collect  data.  A plastic 
overlay  of  grid  cells  Is  laid  on  top  of  air  photos  or  maps.  Spatial 
Information  Is  recorded  on  encoding  forms  to  be  placed  Into  the 
data  bank. 

2.  The  computer  storage  and  subsequent  access  to  this  matrix  of 
Information  Is  made  relatively  v>asy  by  using  a simple  row  and 
column  method  (matrix  array);  thus,  the  data  file  Is  extremely 
straightforward  In  accessing  and  computation.  No  coordinate 
digitizing  Is  necessary. 

3.  Air  pollution  dispersion  models,  gravity  models,  and  other 
urban  system  models  use,  as  a basis,  the  matrix  of  Information 
stored  In  a grid  cell  data  bank.  Technically  speaking,  the 
technique  Is  very  strong;  In  fact,  the  basis  for  FORTRAN  has  Its 
roots  In  matrix  methodology,  making  a quick  and  easy  Interface 
with  many  other  types  of  prograiimlng  technologies  that  have  been 
developed. 

4.  The  nature  of  the  grid  cell  makes  It  useful  for  discrete  as 
well  as  continuous  types  of  data  analysis.  By  using  simple  pro- 
grams, multitudes  of  point  x,y  location  data  can  be  aggregated 
Into  the  grid  cell  for  different  types  of  display.  The  GRIDS 
program,  developed  by  the  U.S.  Department  of  the  Census,  Is  a 
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FIGURE  1 
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perfect  example  of  a program  having  the  potential  for  aggregating 
Information  into  grid  cells  and  then  displaying  it. 

5.  Many  forms  of  geographic  projection  have  initially  used  either 
consistent  or  warped  grid  cells.  Using  the  grid  approach,  one  can 
tia  in  very  quickly  to  the  other  forms  of  geographic  projection  and 
can  easily  relate  to  other  types  of  information  that  have  been  col- 
lected historically  or  are  to  be  collected  in  the  future. 

6.  Because  of  its  uniform  size  and  consistency,  the  grid  cell 
provides  a good  framework  for  understanding  information.  In  con- 
trast to  the  very  complex  types  of  polygons  (to  be  discussed  later), 
the  grill  cell  provides  a clean  and  easily  communicated  form  for 
slapllf icatlon  of  data. 

7.  A grid  cell  system  provides  a very  fast  and  efficient  pro- 
cessing mechanism;  when  compared  to  the  polygon  approach,  it  is 
computationally  more  efficient. 

The  disadvantages  of  the  grid  approach  are  quite  obvious  and 
can  be  summarized  in  the  following. 

By  aggregating  certain  types  of  information  to  the  grid  level, 
ore  loses  a certain  percentage  of  accuracy.  This  might  best  be 
illustrated  by  pointing  out  the  difficulties  in  encoding  a soils 
map  by  grid  cell.  Soil  types  change  quite  often  and  quite  dras- 
tically and  can  be  thought  of  as  distinct  qualitative  data,  as 
opposed  to  spatially  continuous  unchanging  data.  Problems  exist 
wlen  three,  four,  or  a dozen  soil  types  occur  within  a single 
gild  cell.  Two  options  are  available  for  handling  the  problem: 

a)  the  most  dominant  type  of  soil  within  a grid  cell  can  be 
encoded 

b)  one  can  encode  the  relative  amounts  of  each  soil  type  within 
the  grid  cell;  this,  of  course,  takes  a good  deal  of  effort 
because  each  soil  type  must  be  hand  digitized  from  a map 
and  calculated  by  each  grid  cell. 

If  "a''  is  used,  a certain  degree  of  error  and  constraint  is  in- 
herent in  the  assumption  that  he  makes.  If  such  error  is  accept- 
able, the  resulting  Information  system  provides  only  a "broad 
brush"  approach  for  analysis  and  planning. 

One  of  the  better  grid  overlay  mapping  systems  was  originally 
produced  at  Harvard  University  and  is  now  being  used  with  various 
modifications  at  different  places  around  the  country.  The  program 
name  is  GRID.  It  basically  uses  any  number  of  characters  to  define 
a rectilinear  grid  system.  GRID  displays  one  variable  or  one 
combination  of  variables  at  a single  time  and  is,  in  this  sense, 
limited.  A second  disadvantage  of  the  system  is  that  the  maximum 
number  of  symbols  presented  at  a single  time  is  12,  although  many 
more  can  be  stored  and  drawn  out  in  scale  forms.  GRID  uses  char- 
acter overprinting  to  create  relative  shading  relating  to  a fre- 
quency distribution  similar  to  the  one  originally  developed  in  the 
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SYMAP  program. 

The  GRID  program  can  be  used  to  compare  /arious  matrices  of 
information  and  produce  maps  of  grid  data.  ?he  program  also  has 
the  capability  of  calling  out  many  variables  from  a data  bank, 
overlaying  them,  and  applying  statistical  coefficients  to  selected 
variables.  One  of  the  subroutines  in  the  program  is  called  Sub- 
routine Flexin-obviously  named  because  it  is  an  attempt  to  give 
flexibility  to  the  reading  in  of  data  inputs.  Using  this  routine, 
any  program  can, be  compiled  for  computation  and  graphics. 

B.  Poly,:>on  Identification  Systems 

The  seconc'  system  to  be  discussed  involves  tie  use  of  an  Irregular 
polygon  areal  unit  for  spatial  identification.  'Tiis  system  requires 
geographic  data  to  be  digitized,  stored,  and  retrieved  in  its  basic 
polygon  conn  (not  relating  to  any  specific  system  of  geometric  con- 
figuration) . The  perimeters  of  each  polygon  areal  unit  containing 
the  data  desired  for  use  are  digitally  encoded.  Having  stored  these 
polygons,  they  can  be  called  individually  and  used  in  a variety  of 
information  analysis  and  display  procedures. 

This  paper  will  present  a discussion  of  various  graphic  tech- 
niques for  computer  mapping  of  polygon  data,  fol]owed  by  a detailed 
explanation  of  polygon  overlay  techniques  with  brief  narration  of  other 
analytic  applications  of  polygon  data. 

1.  Computer  Mapping  Programs 

The  most  basic  use  for  polygon  data  is  computer  mapping 
display.  There  are  numerous  computer  graphic  programs  avail- 
able for  polygon  mapping.  One  of  the  first  printer  computer 
graphic  packages  developed  was  the  SYMAP  program,  developed 
under  the  direction  of  Howard  Fisher  at  the  Harvard  Laboratory 
for  Computer  Graphics  and  Spatial  Analysis. 

One  of  the  options  of  SYMAP  is  choropleth,  or  polygon,  mapping 
of  thematic  data.  This  system  provided  an  initial  breakthrough, 
and  although  it  was  cumbersome  and  in  some  ways  inefficient,  it 
pointed  out  the  usefulness  of  basic  data  as  a tool  for  commun- 
ication as  well  as  spatial  analysis. 

The  basic  program  is  designed  to  operate  and  produce  graphics 
on  a standard  chain  line  printer  device;  as  such,  it  has  a great 
deal  of  transferability.  It  is  written  in  Fortran  IV,  but  has 
a complete  user  language  associated  with  it,  enabling  people  with 
little  computer  background  to  use  the  system. 

Its  shortcomings  are  that  it  was  designed  as  an  overall  graphics 
system;  as  such,  it  has  characteristics  which  limit  its  appli- 
cation for  many  users.  Because  it  is  written  to  handle  almost 
every  conceivable  exception,  the  program  (6000  cards)  is  very 
large  and  requires  a sizeable  partition  of  core  on  a computer 
(128K  on  an  IBM  360  with  overlays),  putting  it  out  of  range  for 
many  users.  In  addition,  it  has  many  options  for  an  ever  in- 
creasing number  of  mapping  problems.  The  learning  time  required 
for  developing  an  "experienced  user"  is  evidence  that  the  program 
is  both  confusing  and  expensive  for  the  user. 


171 


SYMAP's  inefficiencies  and  shortcomings  have  prompted  research 
and  development  of  several  newer  mapping  packages.  One  of  the  first 
programs  was  C-map,  a very  small  printer  choropleth  mapping  package 
designed  to  run  efficiently  on  IBM  1130  machines.  This  program 
used  no  coordinates,  but  instead  adopted  a grid  cell  concept  for 
the  identification  of  zones  or  polygons.  Although  the  program 
can  be  modified,  the  original  version  produced  only  single  page 
maps  which,  for  many  applications,  did  not  provide  enough  graphic 
display.  The  grid  cell  digitizing  scheme  caused  many  users  to 
complain  that  the  encoding  for  a complex  areal  unit;  map  involved 
too  much  effort.  Because  of  its  very  efficient  scheme,  the  C-map 
program  also  seems  to  have  stripped  the  user  of  any  flexibility 
(e.g.,  scaling,  legends,  etc.),  and  as  a result  probably  went 
too  far  for  efficiency's  sake. 

Another  program.  AUTOMAP  I,  represented  an  attempt  to  strip 
the  original  SYMAP  program  of  many  of  its  options,  thereby  making 
it  easier  for  the  user  to  operate,  and  also  making  it  capable  of 
running  on  small  machines.  The  approach,  although  meeting  some 
of  the  desired  objectives,  retained  many  of  the  original  SYMAP 
problems.  It  stl]l  required  a substantial  amount  of  user  speci- 
fications (70%  of  SYMAP).  The  minimum  core  requirement  was  still 
82K  on  an  IBM  360,  and  the  computation  time  for  choropleth  maps 
remained  excessive.  Clearly,  this  program  did  not  go  far  enough. 

The  experience  from  both  of  these  extremes  has  given  insight 
into  how  the  design  and  programming  of  computer  mapping  systems 
should  be  approached.  Modular  programs  which  address  specific 
mapping  requirements  and  applications  are.  no  doubt,  the  most 
efficient.  Several  mapping  programs  taking  this  approach  have 
been  written. 

The  most  significant  of  these  new  .programs  is  AUTOMAP  II, 
which  has  the  capability  of  producing  several  types  of  printer 
maps  on  a small  computer.  The  AUTOMAP  II  system  is  made  up  of 
three  small  modular  programs  designed  for  separate  but  inter- 
related activities.  The  programs  are  Basemap,  Areumap,  and 
Contoumap.  The  structure  of  these  three  programs  was  designed 
around  a grouping  of  the  main  procedural  steps  necessary  for 
automated  cartography. 

One  of  the  most  important  efficient  concepts  of  AUTOMAP  II 
is  the  development  of  a permanent  and  reusable  Base  Mop  Image 
File  (BHIF).  The  file  is  a large  grid  matrix  similar  in  concept 
to  C-aap;  however,  it  is  generated  from  coordinate  input  data 
rather  than  by  grid  cell.  This  file  is  an  in-between  computa- 
tional etcp  that  traditionally,  in  SYMAP,  was  required  for  each 
map  produced.  This  BKIF  also  includes  all  legend  and  associated 
■ap  coemetic  data  used  on  every  map. 

rhe  Base  Map  program  initially  creates  the  Base  Map  Image 
• • aMi'h  subsequently  becomes  a permanent  file  for  re-use  by 
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. ..  ..  ' see  adeit  lonal  options  that  can  be  cm- 
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quire  a Level  G Fortran  compiler.  Once  the  programs  are  compiled, 
the  largest  program  requires  a minimum  of  42K  on  an  IBM  360.  This 
include®  storage  for  compilation  of  various  Fortran  system  library 
routines  (i.e.,  input,  output,  error  recovery)  used  in  the  program. 
Program  decks  are  available  for  both  OS  and  DOS  configurations  from 
ESRI. 

In  addition  to  printer  graphics,  there  have  been  several  sig' 
nlflcant  developments  in  the  area  of  plotter  programs.  The  most 
significant  of  these  is  a program  called  Calform,  developed  at 
Harvard  Laboratory  for  Computer  Graphics  and  Spatial  Analysis. 

This  program  generates  two-dimensional  choropleth  maps  on  a Cal- 
comp  plotter.  The  program  has  a user  language  associated  with 
it,  enabling  non-technlcal  people  to  produce  graphics  with  little 
difficulty  (see  Figure  3). 

In  summary,  it  can  be  observed  that  present  developments  in  the 
area  of  computer  mapping  are  directed  toward  producing  programs 
which  are  more  efficient,  more  user  oriented,  less  costly,  and  re- 
quire smaller  hardware. 

2.  Polygon  Overlay  and  Related  Analysis  Applications 

The  second  application  of  polygon  data  Involves  overlay  analysis 
wherein  data  can  be  compared  or  overlayed  statistically.  Overlaying 
two  or  more  maps  is  a technique  commonly  used  to  display  or  inves- 
tigate the  spatial  association  between  various  geographical  aspects 
of  the  same  locality.  More  specif Ically,  the  polygons  are  sorted 
and  compared  using  a dominant  polygon  variable  as  the  summarlzer 
of  a subordinate  polygon  variable  file.  The  particular  advantage 
of  this  approach  is  the  great  degree  of  accuracy  that  occurs  by 
exact  polygon  overlay.  Usually,  the  computational  structure  of 
polygon  overlay  requires  only  two  sets  of  polygons  to  be  overlayed 
at  a single  point  in  time. 

A number  of  program  systems  for  polygon  overlay  have  been  de- 
veloped. These  are  discussed  briefly  below. 

The  polygon  overlay  system  called  Map/Models  was  developed  by 
Samuel  Arms  at  the  University  of  Oregon.  The  Map /Models  technique 
has  been  under  improvement  for  the  past  five  years  and  Includes  an 
extensive  "exception"  vocabulary,  whereby  many  of  the  errors  that 
potentially  occur  in  encoding  are  checked  and  re-checked  as  part 
of  the  computational  process.  This  system  is  well  tested  and  seems 
to  be  operating  successfully  in  a number  of  cases.  The  most  serious 
problem  reported  with  the  program  is  that  the  computational  time  is 
very  great,  resulting  in  expensive  processing  costs. 

The  second  type  of  polygon  information  processing  system  Is 
entitled  PIOS  (Polygon  Information  Overlay  System) . PIOS  was 
originally  developed  by  ESRI  for  the  Comprehensive  Planning  Organ- 
ization in  San  Diego.  This  program  is  extremely  simple  in  logic 
and  ties  together  an  efficient  sorting  and  overlay  system  with  a 
variety  of  additional  computation  and  analysis  programs.  The 
system  relies  primarily  on  pre-checked  data  coming  from  a digitally 
plotted  output.  This  pre-check  Involves  pen  plotter  computer 
graphics  and  visual  editing.  The  editing,  together  with  a stripping 
concept  of  polygons,  reduces  some  of  the  high  computational  costs 
of  map  models. 
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Additional  polygon  systems  reviewed  by  ESRI  include  the 
Canadian  Land  Use  Survey;  Boeing  Polygon  Overlay  (a  version  of 
Map/Models);  a system  developed  by  Lockheed  Electronics  Company; 
and  the  FRIS  system  developed  in  Sweden  by  the  Central  Board  for 
Real  Estate  Data.  A review  of  available  literature  on  these 
systems  suggests  that  the  basic  concept  of  file  structure  in  all 
of  them  is  similar.  The  two  greatest  areas  for  Improvement  relate 
to  encoding  or  digitizing  of  input  maps  and  improvements  in  tech- 
niques for  overlay  computation.  Although  automated  scanning  de- 
vices promise  a future  for  Increased  efficiency,  the  recent  inter- 
national conference  at  Ottawa  suggests  that  a gap  remains  between 
required  and  available  technology.  The  PIOS,  Lockheed,  and  FRIS 
systems  all  have  efficient  sorting  loutines  as  part  of  their  over- 
lay structure.  Beyond  this  Improvement,  we  are  unsure  of  how  to 
Increase  polygon  overlay  efficiency. 

It  should  be  noted  that  a nusdier  of  inherent  problems  exist 
in  the  general  procedure  of  polygon  overlay.  The  most  important 
of  these  deals  with  the  statistical  significance  of  overlay  from 
any  two  sets  of  "assumed"  homogeneous  polygon  sets.  While  the 
literature  concerning  this  applied  technique  is  substantial,  there 
have  been  very  few  investigations  into  the  basic  validity  or  re- 
liability of  the  overlay  approach.  This  has  significance,  not 
only  in  the  realm  of  hand  cartography,  but  particularly  in  the 
arena  of  automated  resource  data  banks. 

The  production  of  reliable  results  from  polygon  overlay  la 
intrlnslcly  linked  to  the  basic  assumption  that  each  polygon  is 
spatially  homogeneous  in  terms  of  its  descriptive  attributes. 

If  one  dismisses  maps  of  data  polygons  such  as  census  tracts, 
traffic  zones,  or  other  arbitrary  areal  units  wherein  the  poly- 
gon attribute  descriptions  are  homogeneous  by  definition,  then 
the  map  which  contains  truly  homogeneous  descriptions  is  very 
rare. 

Furthermore,  if  initial  polygon  maps  such  as  soils  or  geology 
are  not  homogeneous,  then  the  map  polygons  computed  from  overlay 
are  likewise  not  hcmogeneous  sxjmmatlons  of  the  input  polygons. 

This  problem  of  non-homogeneity  stems  from  a basic  general- 
ization of  all  maps,  resulting  from  inability  to  unwillingness 
of  the  map  maker  to  allow  enough  complexity  of  line  in  the 
definition  of  the  polygon. 

Research  by  the  CSIRO  in  Australia  indicates  that  when  over- 
laying polygons  of  three  maps  having  the  same  geographic  aspects, 
only  38  percent  of  the  time  could  it  be  predicted  that  all  of 
the  variables  said  to  be  present  at  a single  point  were  actually 
there.  The  substantial  error  is  caused  by  assuming  homogeneity 
within  the  zone  classifications.  This  should  make  the  casual 
user  of  polygon  data  beware  of  assuming  absolute  Information. 

The  results  of  the  Australian  experience  places  a great 
deal  of  the  so  called  "natural  resource  planning  methods"  in 
suspect.  Certainly  one  might  question  approaches  such  as 
those  advocated  by  McHarg,  Lewis,  or  Hills  when  analyzed  in  the 
context  of  non-homogeneous  zones. 

Although  this  Information  makes  the  universal  application  of 
the  polygon  overlay  technique  questionable,  the  problems  are 
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not  sevei 2 for  many  applications  such  as  the  summary  of  a 
single  vstlable  (soils)  Into  a set  of  areal  unit  polygons 
(traffic  zones).  However,  the  analyst  should  examine  each  pro- 
ject application  carefully  to  avoid  creating  Invalid  Interpre- 
tations. 

A third  application  for  polygon  data  systems  Involves  the 
capability  to  derive  a multitude  of  grid  cell  data  banks.  As 
previously  Illustrated  In  the  section  discussing  the  GRID  system, 
various  agencies  and  research  planning  groups  have  found  that 
although  grid  cell  data  banks  are  useful,  they  do  require  a good 
deal  of  typically  manual  data  collection.  In  addition  to  the 
large  job  of  Initial  data  collection,  the  grid  cell  data  banks 
are  frequently  developed  for  a single  application;  therefore, 
the  cell  sizes  differ  In  a range  from  1/4  of  an  acre  to  one 
kllometei . The  data  collected  for  one  type  application  may  be. 
vlrtually  useless  for  a study  demanding  greater  or  lesser  detail. 

Usually  polygon  data  Is  collected  In  the  lowest  common  denom- 
inator (l.e.,  the  complete  polygon)  and  can,  therefore,  be  ag- 
gregated and  averaged  Into  any  areal  unit  desired.  Data  collected 
in  this  form  can  be  used  for  many  types  and  scales  of  Information 
requirements.  ESRI  has  recently  written  u program  entitled  GRIPS 
which,  with  a single  pass  of  a polygon  data  file,  creates  a grid 
cell  data  bank  of  any  cell  size.  This  technique  should  prove 
useful  for  a host  of  environmental  and  planning  studies  that 
Involve  tie  smaller  scale  grid  techniques. 

The  fourth  and  most  obvious  use  of  polygon  data  Is  the  calcu- 
lation of  area  and  centroid  Information  for  the  polygon. 

C.  Single  Point  Description 

The  point  Identification  technique  Involves  the  use  of  an  x,y 
coordinate  point  to  represent  the  spatial  location  of  various  types 
of  phenomena. 

The  following  Is  a discussion  of  major  classifications  of  use  for 
the  single  point:  area  representation,  sample  point  location,  and 
specific  facility  event  or  statistic  location. 

1.  Area  representation  Is  the  referencing  of  a polygon  such  as 
a land  parcel,  city  block,  or  census  tract  with  a single  x,y 
coordinate.  This  reference  point  might  be  the  visual  centroid, 
the  mathematical  centroid,  a weighted  centroid  or  any  other 
logical  location  which  could  meaningfully  represent  an  area. 

These  coordinates  are  frequently  used  for  thematic  computer  maps 
(contour  or  proximal).  An  example  Is  the  mapping  of  census  data. 
This  technique  Is  based  on  the  theoretical  assumption  that  data 
attributes  collected  In  polygon  areas  can  be  represented  by  a 
single  point  In  space. 

In  the  design  of  parcel  Information  systems,  a point  is  fre- 
quently used  to  Identify  each  parcel.  This  procedure  allows  for 
the  aggregation  of  parcels  Into  a coordinate  specified  areal  unit 
such  as  census  tracts,  health  planning  districts,  etc. 
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2.  Sample  Point  Location  - A second  use  for  single  -loordinate 
points  Is  the  geographic  location  of  sample  observation  points. 

This  technique  is  based  on  the  assumption  that  single  point  ob- 
servations of  the  environment  can  provide  patterns  of  data  which, 
when  observed  in  total,  provide  a meaningful  picture  of  geographic 
phenomena.  An  example  of  this  is  air  pollution  monitoring  stations 
wherein  air  contamination  Is  periodically  measured  using  various 
devices.  The  air  pollution  data  collected  from  these  stations 

can  be  mapped  using  a contour  mapping  technique  for  producing 
representations  of  a continuous  data  surface.  If  the  geographic 
coordinates  for  monitoring  stations  are  calculated,  a user  can 
Input  the  measurement  data  Into  a standard  computer  Dttpping  pro- 
gram such  as  SYMAP  and  very  easily  produce  thematic  di splays 
which  depict  the  geographic  distribution  of  air  contaiilnation. 

This  sampling  tecimlque  Is  essentially  the  same  as  thit  used  by 
the  field  surveyor  who,  with  the  use  of  various  Instrtmients, 
samples  topographic  elevations  for  ttie  purpose  of  Interpolating 
a computer  map. 

3.  Specific  Location  of  Facilities,  Events,  or  Statistics  - The 
third  use  for  single  point  Identifiers  Involves  the  detailed  or 
specific  location  of  some  geographic  phenomena  (e.g. , facility, 
event,  or  statistics).  An  example  of  this  might  be  tie  reasonably 
accurate  location  of  a fire  hydrant  or  of  an  autoaoblie  accident. 
Aggregation  of  point  Information  Is  another  valuable  use  of  point 
data.  Incidents  occurring  at  specific  geographical  point  locations 
can  be  easily  aggregated,  using  a point-ln-polygoo  algorithm,  into 
polygon  zones  (l.e. , traffic  zones).  This  data  can  then  be  used 
for  comparative  statistical  or  single  variable  analysis.  This 
analysis  requires  the  digitizing  of  the  x,y  coordinates  of  each 
point  Incident,  then  running  the  point-ln-polygon  program  to 
calculate  the  position  of  those  points  relative  to  the  various 
polygons  In  the  data  bank.  The  proper  point  Information  Is  then 
allocated  to  each  respective  polygon.  The  summarized  polygon 
data  Is  then  usable  for  statistical  analysis  or  computer  graphics. 

Computer  Mapping  of  Point  Data 

There  exist  a host  of  software  programs  for  the  manipulation 
and  graphic  production  of  point  coordinate  data.  The  following 
discussion  reviews  those  systems  that  can  produce  maps  of  proximal 
and  contour  data. 

SYMAP,  Autogen,  and  AUTOMAP  II  are  three  programs  that  generate 
thematic  displays  on  a standard  chain  line  printer.  {For  a more 
detailed  discussion  of  these  programs,  refer  to  the  previous  section 
on  Polygon  Identification.) 

The  following  Is  e.  review  of  several  Important  points  that  should 
be  understood  when  attempting  thematic  displays  from  single  point 
data. 

The  user  must  be  sensitive  to  the  theoretical  basis  of  contour 
mapping.  This  form  of  display  Is  designed  to  depict  phenomena  having 
properties  of  a continuous  surface  (e.g.,  temperature,  topography, 
air  pollution,  etc.).  The  properties  of  qualitative  data  such  as  land 
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use  or  housing  data  (and  even  many  quantitative  demographic  variables) 
are  typically  associated  with  discrete  areas  and  should  not  be  inter- 
polated onto  a continuous  surface. 

Proximal  mapping  Is  a me  thod  whereby  non-contlnuous  data  can  be 
mapped  using  a single  data  point  as  the  spatial  Identification  tech- 
nique. This  mapping  type  (available  In  SYMAP  and  AUTOMAP  II)  Involves 
the  formation  of  polygons  bcsed  on  the  nearest  distance  of  any  grid 
cell  to  an  Identified  x,y  coordinate.  Technically,  this  is  done  by 
using  an  interpolation  routine  with  only  a single  data  point  used 
for  calculating  the  value  of  any  given  grid  cell.  The  computer  pro- 
gram searches  the  area  surrounding  each  grid  on  a printer  map  until 
it  finds  the  nearest  coordinate  and  then  assumes  for  that  grid  the 
value  associated  with  that  point. 

Although  the  proximal  mapping  technique  is  useful  in  gaining  in- 
sight into  the  generalized  pattern  of  data,  it  does  not  have  the 
accuracy  properties  that  are  available  when  polygon  definitions  have 
been  specified.  Proximal  mapping  falls  under  particular  criticism 
when  there  is  a wide  range  jn  the  size  of  polygons  t:hat  are  being 
approximated  by  the  single  point. 

In  addition  to  the  above  mentioned  mapping  types,  there  are 
several  other  programs  in  existence  which  display  contour  or  surface 
data  on  a pen  plotter.  An  example  of  output  from  a surface  display 
program  is  presented  in  Figure  4.  One  of  the  distinct  features  of 
this  program  Is  that  it  is  capable  of  deciding  which  parts  of  a 
surface  being  viewed  can  be  seen,  and  which  are  hidden  from  view. 

This  program  uses  as  input  e grid  matrix  of  absolute  data  ge.ierated 
by  SYMAP,  AUTOMAP  II,  or  hand  grid  cell  coding.  These  three* 
dimensional  views  provide  the  framework  for  certain  intuitive  under- 
standings of  data  that  are  not  entirely  possible  with  a two- 
dimensional  map. 

A second  plotter  program  is  called  TOPO.  This  program  generates 
two-dimensional  pen  drawn  contour  maps  on  a standard  pen  plotter. 

Like  SYMVU,  TOPO  also  requires  a grid  data  base  file  such  as  generated 
by  SYMAP,  AUTOMAP  II,  or  any  other  similar  surface  interpolation 
routines  which  produce  a grid  matrix  of  data.  TOPO  runs  in  small 
core  (32K)  and  has  numerous  options  for  scale,  legend,  line  sup- 
pression , etc.,  available.  TOPO  was  developed  by  and  is  available 
from  ESRI. 

IV.  Sumnary  and  Conclusions 

The  previous  review  of  alternative  techniques  focused  on  many  issues, 
techniques,  applications,  and  costs.  Its  objective  is  not  to  define  the 
"best"  or  "worst"  system,  but  rather  to  classify  the  actual  experience 
associated  with  the  use  of  each  system. 

When  looking  aJf  any  type  of  spatial  identification  technique,  it  is 
important  to  consider  the  desired  objectives.  Experience  has  demonstrated 
that  the  application  of  the  previously  presented  techniques  should  be 
carefully  reviewed  prior  to  any  system  design.  One  can,  however,  make 
several  general  comments  about  the  attributes  of  each  spatial  identification 
system.  These  comments  are  summarized  below. 

The  polygon  system  provides  extremely  accurate  data  (depending  on  ac- 
curate digitizing).  For  various  types  of  analysis  procedures  such  as  map 
overlay,  the  results  can  be  calculated  with  great  accuracy.  On  the  other 
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hanJ,  tha  grid  cell  method,  althougti  not  as  accurate  as  Che  polygon  ap- 
pro ich,  has  many  efficiency  advantages  from  the  computational  and  modeling 
sCfidpoinC,  resulting  in  a very  useful  technique  for  "broad  brush"  modeling 
of  activities  and  systems.  The  joint  system,  in  a thematic  sense,  provides 
for  a very  generalized  and  interpolated  framework  for  analysis. 

In  many  cases  the  three  systems  can  be  used  together;  that  is,  the 
cor.  plete  polygon  can  be  encoded  and  stored  as  a unit  having  the  grid 
cell  and  point  information  computed  from  the  polygon  storage.  In  this 
way,  the  original  polygon  data  can  he  kept  complete  in  Its  original 
form  (lowest  common  denominator).  This  Is  a truly  meaningful  framework 
for  long  range  multl-dlsclplinary  d.ita  bank  design  efforts. 

The  )u8tlf Icatlons  for  developing  an  automated  geographic  information 
8ys:im  are  many,  but  they  arc  normally  based  upon  one  or  both  of  two 
general  .>arameters:  cost  effectiveness  and  Increased  analysis  capability. 
Tht  decision  by  an  agency  to  move  ahead  with  a polygon  approach  is  usually 
motivate'!  by  the  desire  to  develop  the  long  range  capability  that  this 
eve  tern  can  provide.  The  use  of  grlit  cell  data  focuses  on  applications 
tiht rs  dsca  genersl last  ion  to  ths  size  of  ths  grid  cell  Is  acceptable. 
Typically,  this  is  sllowabls  for  quick  "one  shot"  studies  that  do  not 
ratulrs  long  term  date  bank  flexibility  In  acelc  and  application. 

Previous  discueaiona  on  aggregation  and  computer  mapping  make  clear 
thr  c ain.ile  point  data  is  particularly  useful  in  the  idontlf  icetion  of 
rclttively  small  geographic  phenomeira  such  as  parcels.  When  using 
point  data,  the  larger  the  scale,  the  greater  amount  of  data  interpolation 
anr , as  luch,  greater  amounts  of  ge  isral izst ion  must  be  accepted. 
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DEVELOPING  REGIONAL  WATER  SUPPLIES -- 
A CASE  STUDY  OF  SOME  ANALYTICAL 
PLANNING  METHODS 


By 

Paul  E.  Pronovost  ^ 


INTRODUCTION 


Water  resource  planning  and  analysis  in  the  last  few  years  has 
undergone  a dramatic  shift  in  complexity,  emphasis  and  priorities. 
Whereas,  in  the  past,  study  efforts  were  directed  toward  technical 
engineering  design  features  of  the  "plan,"  today,  the  majority  of 
effort  is  expended  in  determining  alternatives  with  an  assessment 
and  evaluation  of  their  impacts.  The  reasons  for  this  shift  in  di- 
rection can  be  found  in  the  planning  requirements  of  the  National 
Environmental  Policy  Act  of  1969,  Section  122  of  the  Rivers  and 
Harbors  Act  of  1970,  and  the  "Principles  and  Standards"  of  the 
Water  Resources  Council. 

All  of  the  water  resource  planning  performed  by  the  Corps  of 
Engineers  is  undertaken  to  provide  information  so  that  decisions 
can  be  made  in  an  informed  and  rational  manner.  The  continuation 
of  this  Corps  role  coupled  with  the  necessity  of  examining  a wide 
range  of  alternatives  and  their  associated  impacts,  therefore, 
requires  the  development  of  techniques  which  allow  for  rapid  and 
accurate  analysis.  In  addition,  display  techniques  which  allow  re- 
view and  evaluation  of  the  alternatives  and  impacts  are  needed  so 
that  meaningful  public  participation  may  be  gained. 

Purpose 

The  purpose  of  this  paper  is  to  present  as  a "case  study"  a re- 
cently completed  regional  water  supply  study  which  was  conducted 
within  the  New  England  Division.  The  study,  a pre -authorization 
detail  effort,  was  undertaken  from  July  1970  to  July  1972.  Neither 
Section  122  nor  the  Principles  and  Standards  had  been  adopted  for- 
mally at  this  time.  However,  since  it  was  anticipated  that  both  re- 
quirements would  be  in  force  prior  to  completion  of  the  study,  they, 
together  with  NEPA,  were  included  in  the  study  efforts. 


1 Supervisory  Civil  Engineer,  Northeastern  United  States  Water 
Supply  Study,  New  England  Division. 
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The  case  study  method  is  used  in  the  paper  to  provide  the 
seminar  participants  the  types  of  issues  together  with  necessary 
impact  analysis  and  evaluation  which  water  resource  planners  must 
respond  to  in  today's  environment.  Examples  of  analytical  methods 
applied  in  the  "case  study"  are  discussed  and  shortcomings  of  some 
methods  described.  Possible  areas  which  appear  to  be  candidates 
for  further  development  of  analytical  methods  are  discussed  using 
experience  gained  in  the  case  study. 


CASE  STUDY  - DEVELOPING  REGIONAL  WATER  SUPPLIES 
Planning  Process 

Historically,  the  planning  process  for  water  resources  devel- 
opment was  essentially  a linear  function.  Generally,  a need  was 
considered  a "given,"  alternative  plans  to  meet  the  need  were  evalu- 
ated by  the  agency  staff,  a plan  was  then  selected  and  presented  to 
the  public. 

The  advent  of  NEPA,  Section  1Z2  a.id  the  Principles  and 
Standards  has  required  a reworking  of  this  traditional  planning  proc- 
ess. In  particular,  the  restructuring  had  to  accomodate  the  increas- 
ing emphasis  that  is  being  placed  on  public  involvement  and  non- 
monetary impacts. 

One  process^  which  appears  to  respond  to  the  current  planning 
needs  consists  of  four  planning  activities  as  shown  in  Figure  1; 
namely,  Problem  Definition,  Formulation  of  Alternatives,  Impact 
Analysis,  and  Evaluation.  In  the  case  study,  this  type  of  iterative 
planning  process  was  utilized  with  some  degree  of  success. 

Background  for  the  Case  Study 

The  recent  sixties'  drought  in  the  Northeastern  United  States 
was  the  most  intense  in  the  region's  recorded  climatological  history. 
The  89th  Congress,  in  response  to  the  possible  economic  damage 
which  the  drought  could  create,  enacted  the  Northeastern  United 
States  Water  Supply  Study  (NEWS)  on  27  October  1965. 


^ Impact  Assessment  in  the  Water  Resources  Planning  Process, 
June  1973,  unpublished,  by  Leonard  Ortolando,  Assistant  Pro- 
fessor, Department  of  Civil  Engineering,  Stanford  University. 
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A series  of  investigations  revealed  a limited  number  of  regions 
within  the  northeast  faced  almost  immediate  shortages.  One  of 
these  regions  was  southeastern  New  England,  a plan  of  which  is 
shown  on  Figure  2. 

Within  southeastern  New  England,  a large  percentage  (30%)  of 
the  population  is  serviced  by  the  Boston  Metropolitan  District  Com- 
mission (MDC).  The  MDC  maintains  three  major  reservoirs  and  a 
connecting  tunnel  aqueduct  as  its  supply  sources.  This  system  of 
reservoirs,  as  shown  on  Figure  2,  includes  as  its  backbone  a res- 
ervoir in  the  Connecticut  River  Basin.  This  reservoir  (Quabbin) 
provided  grist  for  a 1930's  interstate  water  dispute  between  Massa- 
chusetts and  Connecticut  which  was  finally  resolved  by  the  Supreme 
Court. 

A feasibility  detail  of  alternatives  for  supplementing  the  exist- 
ing supplies  of  the  regional  supply  system  was  carried  out  in  1969. 
Following  review  by  Federal,  State  and  regional  agencies,  together 
with  local  and  environmental  interest  groups,  a consensus  was 
reached  on  some  projects  which  should  undergo  survey  detail  inves- 
tigation. Included  in  these  projects  were  two  which  would  involve 
interbasin  transfers  of  water  from  the  Connecticut  River  Basin  to 
the  metropolitan  Boston  region  (see  Figure  2). 

As  discussed  earlier,  the  planning  process  which  was  used  con- 
sisted of  four  tasks;  namely,  Problem  Definition,  Formulation  of 
Alternatives,  Impact  Analysis,  and  Impact  Evaluation.  The  four 
planning  activities  were  carried  out  simultaneously,  not  sequentially. 
Thus,  the  planning  was,  in  essence,  an  iterative  process  in  which 
the  four  activities  are  carried  out  continuously,  but  with  increasing 
degrees  of  refinement.  For  example,  in  early  stages  of  planning, 
problem  definition  receives  a high  proportion  of  effort,  while  in 
later  stages,  the  impact  assessment  and  evaluation  phases  provide 
the  major  tasks. 

Some  of  the  elements  which  surfaced  during  the  investigations 
are  shown  in  Table  1.  Many  of  these  elements  were  garnered  from 
meetings,  discussions,  correspondence,  etc.,  from  the  public  and 
various  interest  groups.  In  some  cases,  the  problems,  as  perceived 
by  these  groups,  go  well  beyond  those  technical  questions  which  would 
have  been  addressed  in  a traditional  water  supply  study;  e.g.,  need 
for  water -based  recreation,^  termination  of  natural  flooding  cycle, 
regulation  of  demand. 


^ Water  supply  reservoirs  are  rarely  used  for  recreational  activities 
in  New  England. 
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As  illustrated  by  the  case  study  experience,  the  problems  (or 
issues)  which  the  planner  had  to  address  ranged  from  physical 
means  of  providing  new  supply  to  insuring  future  generations  of 
downstream  users  that  their  supply  needs  would  be  provided  for. 
Some  of  the  alternatives  considered  for  dealing  with  the  issues 
included  structural  measures,  such  as  developing  to  groundwater 
supplies  to  regulatory  actions  which  would  restrict  or  limit  supplies 
made  available  to  the  consumer. 

Impact  assessments  of  the  alternatives  required  skills  from  a 
variety  of  technical  disciplines  such  as  marine  biologists  and  social 
scientists,  geologists  and  economist,  engineer  and  environmentalist. 
Each  of  these  skills  even  while  working  on  a team  effort  generally 
has  a favorable  bias  toward  their  field  or  specialty,  and  care  is 
required  that  this  bias  does  not  influence  the  assessment.  For 
example,  marine  biologists  working  on  the  staff  were  extremely 
interested  in  gathering  data  on  euryhaline  species  in  the  estuary, 
while  other  areas  of  concern  such  as  adjacent  salt  marshes  received 
less  attention.  Similar  professional  leanings  were  also  evident  in 
other  disciplines. 

Evaluation  of  the  impacts  associated  with  the  alternatives 
proved  to  be  particularly  difficult.  As  shown  in  Table  1,  public 
participation  encourages  project  evaluation  from  a wide  variety  of 
interests  and  viewpoints.  Whether  an  impact  was  considered  posi- 
tive or  negative  depended  upon  the  interests  of  those  affected  by  it. 

Analytical  Methods  Used 


As  the  case  study  demonstrates,  the  planning  process  followed 
today  leads  to  a large  number  of  problems  to  be  addressed,  alter- 
natives to  be  investigated,  impacts  to  be  assessed  and  evaluations 
to  be  made.  In  order  to  perform  these  tasks,  use  of  various 
analytical  models  which  would  allow  rapid  and  accurate  analysis  of 
each  alternative  and  its  impact  is  highly  desirable.  Unfortunately, 
no  such  single  panacea  method  exists  today.  Instead,  the  water 
resource  planner,  much  like  a carpenter  or  other  tradesman,  calls 
upon  specific  tools  to  perform  specific  tasks.  Once  the  individual 
pieces  have  been  completed,  careful  assemblage  allows  the  process 
to  be  viewed  as  a whole. 

In  the  case  study,  both  simulation  models  and  physical  models 
were  utilized  as  analytical  techniques.  A description  of  some  of  the 
models  employed  follows: 
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As  illustrated  by  the  case  study  experience,  the  problems  (or 
issues)  which  the  planner  had  to  address  ranged  from  physical 
means  of  providing  new  supply  to  insuring  future  generations  of 
downstream  users  that  their  supply  needs  would  be  provided  for. 
Some  of  the  alternatives  considered  for  dealing  with  the  issues 
included  structural  measures,  such  as  developing  to  grovindwater 
supplies  to  regulatory  actions  which  would  restrict  or  limit  supplies 
made  available  to  the  consumer. 

Impact  assessments  of  the  alternatives  required  skills  from  a 
variety  of  technical  disciplines  such  as  marine  biologists  and  social 
scientists,  geologists  and  economist,  engineer  and  environmentalist. 
Each  of  these  skills  even  while  work  ng  on  a team  effort  generally 
has  a favorable  bias  toward  their  field  or  specialty,  and  care  is 
required  that  this  bias  does  not  influence  the  assessment.  For 
example,  marine  biologists  working  on  the  staff  were  extremely 
interested  in  gathering  data  on  euryhaline  species  in  the  estuary, 
while  other  areas  of  concern  such  as  adjacent  salt  marshes  received 
less  attention.  Similar  professional  leanings  were  also  evident  in 
other  disciplines. 

Evaluation  of  the  impacts  associated  with  the  alternatives 
proved  to  be  particularly  difficult.  As  shown  in  Table  1,  public 
participation  encourages  project  evaluation  from  a wide  variety  of 
interests  and  viewpoints.  Whether  an  impact  was  considered  posi- 
tive or  negative  depended  upon  the  interests  of  those  affected  by  it. 

Analytical  Methods  Used 

As  the  case  study  demonstrates,  the  planning  process  followed 
today  leads  to  a large  number  of  problems  to  be  addressed,  alter- 
natives to  be  investigated,  impacts  to  be  assessed  and  evaluations 
to  be  made.  In  order  to  perform  these  tasks,  use  of  various 
analytical  models  which  would  allow  rapid  and  accurate  analysis  of 
each  alternative  and  its  impact  is  highly  desirable.  Unfortunately, 
no  such  single  panacea  method  exists  today.  Instead,  the  water 
resource  planner,  much  like  a carpenter  or  other  tradesman,  calls 
upon  specific  tools  to  perform  specific  tasks.  Once  the  individual 
pieces  have  been  completed,  careful  assemblage  allows  the  process 
to  be  viewed  as  a whole. 

In  the  case  study,  both  simulation  models  and  physical  models 
were  utilized  as  analytical  techniques.  A description  of  some  of  the 
models  employed  follows: 
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COHART 


A computer  program^  for  estimating  costs  of  hard  rock  tunnels. 
The  program  is  designed  to  duplicate  the  thought  and  reasoning 
processes  that  take  place  in  the  detailed  planning,  design,  quantity 
take-off  and  estimate  of  cost  of  an  actual  tunnel  - shaft  system.  A 
number  of  cost  components  (such  as  excavation)  are  selected  to- 
gether with  factors  (such  as  tunnel  design,  methods  of  construction 
and  geologic  conditions)  that  affect  the  magnitude  of  each  of  the  cost 
sub-components.  The  resulting  relationships  are  then  drawn  upon 
to  yield  cost  estimates  for  construction. 

Utilization  of  COHART  was  used  extensively  in  the  case  study 
in  the  formulation  of  alternatives  and  impact  assessment  tasks. 
Alternative  alignments  and  diameters  using  both  conventional  and 
mole  excavation  techniques  were  investigated.  Since  extensive 
tunnelling  was  a major  cost  item  in  several  alternatives,  this  model 
proved  extremely  useful  in  providing  reliable  cost  data  for  economic 
impact  assessment  of  alternatives. 

Input  requirements  for  the  model  include  physical  factors  such 
as  tunnel  size,  rock  strength,  water  inflow  and  rock  quality  and 
construction  methods  factors  such  as  muck  transport,  excavation 
methods  and  advance  rate.  Output  from  the  model  included  calcu- 
lated tunnel  and  shaft  data,  tunnel  - shaft  segment  and  reach  costs, 
and  cost  summaries.  All  input  data  necessary  can  be  furnished  by 
technical  skills  present  in  District  and  Division  level  Corps  offices. 


NEWSX 


A computer  simulation  program  for  analyzing  complex  inte- 
grated water  supply  systems  for  a historical  flow  record.  Given 
historical  streamflows  and  prescribed  operating  rules  as  input,  the 
program  computes  transfers,  downstream  releases  and  changes  in 
storages  up  to  20  points  of  interest  in  a system.  The  program  was 
written  by  New  England  Division  personnel  for  an  IBM  1130  computer. 
Because  of  limited  core  storage,  the  program  was  written  as  several 
sub -prog rams  and  routines. 

Operation  of  the  systems  analyzed  was  based  on  a daily  time 
increment.  Output  from  this  program  was  then  fed  into  a second 
model  which  simulated  major  existing  reservoir  storage  on  a 
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Developed  by  Harza  Engineering  Company  for  the  U.  S.  Department 
of  Transportation. 
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monthly  time  increment.  The  basic  steps  performed  in  the  pro- 
gram: (1)  determine  downstream  flow  releases;  (2)  adjust  storages 
for  downstream  releases;  (3)  determine  transfers  based  on  transfer 
capacity,  water  availability  and  respective  priorities  at  receiving 
storage  sites;  (4)  adjust  storage  for  transfer  and  spillage,  if  any. 
Since  the  system  to  be  simulated  included  two  large  existing  reser- 
voirs, real  life  operational  considerations  had  to  be  included  in  the 
model.  A priority  routine  was  used  to  determine  the  amount  of 
water  to  be  transferred  between  reservoirs. 

Output  from  the  simulation  program  included  "safe  yield"  esti- 
mates for  the  alternatives  considered.  Marriage  of  output  from 
COHART  and  NEWSX  allowed  rapid  economic  analyses  as  part  of 
the  alternatives  impact  assessment. 

In  addition  to  COHART  and  NEWSX,  the  case  study  also  used 
two  other  computer  simulation  models  to  aid  in  the  analysis  of  alter- 
natives. These  are  SOCIO  and  ESTUEN. 

SOCIO  is  a computer  simulation  model  which  analyzes  the 
adjustments  in  a metropolitan  region  necessary  to  equate  available 
water  supply  to  water  demands  which  exceed  the  supply.  Downward 
adjustments  in  demand  through  restrictions  are  translated  to 
economic  losses  for  the  region.  Output  from  this  model  thus  allowed 
the  establishment  of  a "market  value"  for  water  supplied  from  any  of 
the  alternatives. 

ESTUEN  is  a computer  model  which  analyzed  riverine  water 
temperature  differentials  which  might  occur  if  upstream  diversion 
alternatives  were  implemented.  Output  from  the  model  was  then 
used  by  marine  and  freshwater  biologists  to  determine  environmental 
impacts  which  might  occur. 


SUMMARY  AND  CONCLUSIONS 

The  time  has  passed  when  a decision  to  provide  flood  control, 
water  supply  or  other  resource  developments  involves  a project 
formulation  and  an  evaluation  of  available  hydrologic  data,  project 
benefits  and  economic  costs.  Today,  water  resource  planning  and 
analysis  is  a complex  inter-disciplinary  process.  Certain  of  the 
tasks  in  the  planning  process  such  as  impact  assessment  and  evalu- 
ation are  more  an  art  than  a science. 
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As  discussed  in  the  case  study,  problem  definition  with  the  aid 
of  public  participation  often  goes  well  beyond  what  traditionally 
would  have  been  considered  "fair  game"  in  a water  supply  study. 

In  turn,  this  broadening  of  the  issues  which  are  addressed  by  a study 
also  is  reflected  in  the  formulation  of  alternatives,  impact  assess- 
ment and  evaluation  tasks.  As  a result,  the  planner  today  is  re- 
quired to  identify,  assess  and  evaluate  a multitude  of  alternatives. 

Alternative  actions,  for  example,  considered  in  the  case  study 
vary  from  such  non-structural  measures  as  pricing  to  reduce  de- 
mands and  regulatory  restrictions  to  structural  yet  less  traditional 
techniques  such  as  wastewater  reuse  and  desalting.  Impact  assess- 
ment required  to  forecast  changes  associated  with  the  alternatives 
varied  from  traditional  economic  considerations  to  environmental 
and  socio-economic  costs  (both  direct  and  indirect).  Impact  evalu- 
ation was  made  by  a spectrum  of  interests  from  the  local  citizen 
whose  land  would  be  taken  by  the  alternative  to  state  governors  who 
must  concern  themselves  with  the  interests  of  the  entire  state. 

Each  of  these  interests  views  must  be  included  in  the  ranking  of  the 
various  alternatives. 

As  indicated  by  the  case  study,  the  planning  process  now  under 
way  in  Corps  studies  requires  a new  generation  of  thinking  regard- 
ing approaches  which  can  be  used  to  sort  out  and  order  the  myriad  of 
physical,  social,  economic  and  environmental  parameters  in  a study. 

Four  of  the  models  used  in  the  case  study  were  described.  Use 
of  both  COHART  and  NEWSX  proved  to  be  most  valuable  in  the  alter- 
native and  impact  assessment  tasks  of  the  study.  It  would  be  less 
than  frank  to  indicate  that  equal  confidence  levels  were  enjoyed  while 
using  SOCIO  and  ESTUEN.  Both  of  the  latter  models  were  based  on 
a number  of  assumptions  which  were  forced  to  rely  upon  limited  data 
bases.  This  data  base  shortcoming  was  not  occasioned  by  general 
lack  of  data  (e.  g.,  population,  income,  river  temperature,  etc.). 
Rather,  the  shortcoming  was  caused  by  the  scarcity  of  information 
regarding  the  relationships  (or  cause  and  effect)  between  an  action 
and,  for  example,  a socio-economic  response.  The  lack  of  hard 
data  on  such  relationships  was  not  unexpected,  but  nevertheless  it 
did  impair  the  analysis. 

Future  needs  in  water  resource  planning  which  analytical  methods 
may  serve  can  be  viewed  in  two  general  ways.  First,  an  improve- 
ment in  the  techniques  used  in  the  analysis  of  alternatives  in  kind  as 
well  as  alternatives  in  scale.  Second,  physical  and  social  scientists 
working  closely  with  system  engineers  should  develop  those  cause  and 
effect  relationships  upon  which  future  analytical  models  may  build. 
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A Suggestive  Representation  of  the  Planning  Process  Over  Time  (by  Ortolando) 
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